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Genome-wide transcriptome profiling 
and spatial expression analyses identify signals 
and switches of development in tapeworms
Peter D. Olson1*, Magdalena Zarowiecki1,2, Katherine James1, Andrew Baillie1, Georgie Bartl1, Phil Burchell1, 
Azita Chellappoo1, Francesca Jarero1, Li Ying Tan1, Nancy Holroyd2 and Matt Berriman2
Abstract 
Background: Tapeworms are agents of neglected tropical diseases responsible for significant health problems and 
economic loss. They also exhibit adaptations to a parasitic lifestyle that confound comparisons of their development 
with other animals. Identifying the genetic factors regulating their complex ontogeny is essential to understand-
ing unique aspects of their biology and for advancing novel therapeutics. Here we use RNA sequencing to identify 
up-regulated signalling components, transcription factors and post-transcriptional/translational regulators (genes 
of interest, GOI) in the transcriptomes of Larvae and different regions of segmented worms in the tapeworm Hyme-
nolepis microstoma and combine this with spatial gene expression analyses of a selection of genes.
Results: RNA-seq reads collectively mapped to 90% of the > 12,000 gene models in the H. microstoma v.2 genome 
assembly, demonstrating that the transcriptome profiles captured a high percentage of predicted genes. Contrasts 
made between the transcriptomes of Larvae and whole, adult worms, and between the Scolex-Neck, mature strobila 
and gravid strobila, resulted in 4.5–30% of the genes determined to be differentially expressed. Among these, we 
identified 190 unique GOI up-regulated in one or more contrasts, including a large range of zinc finger, homeobox 
and other transcription factors, components of Wnt, Notch, Hedgehog and TGF-β/BMP signalling, and post-transcrip-
tional regulators (e.g. Boule, Pumilio). Heatmap clusterings based on overall expression and on select groups of genes 
representing ‘signals’ and ‘switches’ showed that expression in the Scolex-Neck region is more similar to that of Larvae 
than to the mature or gravid regions of the adult worm, which was further reflected in large overlap of up-regulated 
GOI.
Conclusions: Spatial expression analyses in Larvae and adult worms corroborated inferences made from quantitative 
RNA-seq data and in most cases indicated consistency with canonical roles of the genes in other animals, including 
free-living flatworms. Recapitulation of developmental factors up-regulated during larval metamorphosis suggests 
that strobilar growth involves many of the same underlying gene regulatory networks despite the significant dispar-
ity in developmental outcomes. The majority of genes identified were investigated in tapeworms for the first time, 
setting the stage for advancing our understanding of developmental genetics in an important group of flatworm 
parasites.
Keywords: Hymenolepis, Tapeworms, RNA-seq, Transcriptomics, Differential gene expression, Transcription factors, 
Signalling factors, Post-transcriptional regulators
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Background
Tapeworms are parasitic flatworms (Platyhelminthes) 
characterised by complex life cycles and a segmented, or 
strobilar, body plan, considered to be evolutionarily novel 
adaptations to parasitism [1–3]. As agents of neglected 
tropical diseases, they are estimated to be responsible 
for over 2.8 million disability-adjusted life years [4] and 
account for up to 30% of cases of epilepsy in regions of 
high endemicity [5]. Less acute, but more prevalent and 
widespread cestodiases caused by Hymenolepis species 
and other tapeworms contribute to further morbidity, 
particular of children, and frequently co-occur with other 
helminth infections [6]. The dwarf tapeworm, H. nana, is 
the most commonly reported cestode in humans [7] and 
has been shown to be the causative agent of proliferative, 
metastatic ‘tumours’ in immunosuppressed individuals, 
making its ubiquity especially important in areas where 
there is high prevalence of HIV AIDS [8, 9].
The genetic signals and switches that underpin the 
complex development of parasitic flatworms have just 
begun to be investigated [10–12] despite their diversity in 
form, ontogeny and potentially unique somatic stem cell 
systems [13–15] that are central to their life histories and 
the diseases they cause [16, 17]. In contrast, free-living 
planarian flatworms have been classical models in devel-
opmental biology for well over a century, and in the last 
two decades the availability of genomic resources [18, 
19], functional methods [20–22] and a wide range of cell-
type markers in Schmidtea mediterranea have made pla-
narians a preeminent model system for investigating the 
biology of regeneration [23]. Their somatic stem cells [24, 
25], called neoblasts, have been studied intensively [26], 
and neoblast-like proliferative cell compartments under-
pin the development of all flatworms [27]. Gene regula-
tory networks that pattern their axes during growth and 
regeneration have been elucidated [28], including the 
seminal discovery of canonical Wnt signalling as the 
basis for head/tail decision-making [29–31]. This rapidly 
growing canon of literature provides an important frame-
work for comparative investigations of gene regulation in 
other flatworms and will help to ameliorate the historic 
gulf between the fields of development and parasitology 
[10].
More recently, genomic resources [32–35] and meth-
ods for investigating gene expression have been devel-
oped in trematode (fluke) and cestode (tapeworm) model 
systems, including the human bloodfluke Schistosoma 
mansoni, the fox tapeworm Echinococcus multilocu-
laris and the mouse bile-duct tapeworm Hymenolepis 
microstoma. Somatic stem cells are central to the com-
plex life cycles of flukes and tapeworms, and neo-
blast-like proliferative cell compartments have been 
characterised in both groups [14, 15, 36, 37]. New tissue 
and organ-specific markers have been developed for use 
with confocal microscopy [38, 39] as have colorimetric 
and fluorescent in situ hybridisation methods for exam-
ining spatial gene expression [15, 40]. Genomic resources 
and empirical tools are thus now available to facilitate 
the study of their developmental genetics, enabling more 
direct comparisons with free-living flatworms and more 
distantly related animal groups.
Few previous attempts have been made to identify the 
genetic factors regulating major developmental processes 
in tapeworms such as strobilation or larval metamor-
phosis. Prior to the advent of whole-genome sequencing 
methods, Bizarro et  al. [41] employed empirical cDNA 
subtraction to address the process of strobilation, com-
paring differentially expressed genes in tetrathyridia and 
segmenting adults of Mesocestoides corti. Functional 
characterisation of the transcripts showed significant 
differences between the samples across the entire range 
of cellular processes, but pre-NGS methods only ena-
bled a small number of factors to be identified. Here we 
use quantitative, whole-genome transcriptome profiling 
of the tapeworm Hymenolepis microstoma [42] to iden-
tify differentially expressed (DE) genes in Larvae and 
adults, and in the ‘Scolex-Neck’, ‘Mid’ and ‘End’ regions 
of the strobilar worm, broadly encompassing the major 
phases of development in the typical tapeworm life cycle 
(Fig.  1a). RNA-seq data were mapped to the H. micros-
toma genome (version 2), and details of this update to 
the published version 1 assembly [35] are presented here 
for the first time. Contrasts were made among the sam-
ples to identify DE signalling components (e.g. ligands 
and receptors) and transcription factors, often broadly 
referred to as ‘developmental control genes’ [43], as well 
as post-transcriptional/translational regulators, rea-
soning that these broad categories of genes are likely to 
include key regulators of the underlying developmental 
processes. Whole-mount in situ hybridisation (WMISH) 
in Larvae and adult worms was used to elucidate the spa-
tial expression of a selection of these ‘genes of interest’ 
(GOI), enabling their expression to be linked to tissues, 
regions or organs in tapeworms for the first time. We 
present an overview of the sample transcriptome profiles 
and sets of DE gene models, and discuss factors exam-
ined by WMISH in detail, using their putative identities 
and spatial patterns together with published accounts 
of orthologs in planarians and/or other animals to infer 
potential roles of the gene products in tapeworms.
Results and discussion
The Hymenolepis microstoma v.2 genome
Our analyses utilised the unpublished v.2 release of the 
H. microstoma genome which is based on the inclusion 
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of an additional Illumina HiSeq lane of data and re-
assembly of the v.1 genome as described in Methods. In 
comparison with the v.1 genome published in Tsai et al. 
[35], the new assembly is larger (182 MB) and contains 
over 2,000 additional gene models supported by a com-
bination of empirical RNA-seq data and bioinformatic 
predictions. All genome and gene model data are avail-
able online via WormBase ParaSite (WBP) (parasite.
wormbase.org; [44, 45]) which includes a wide suite of 
bioinformatic tools for data access and interrogation, 
including the ability to dynamically generate gene trees 
and motif annotations using the most recent release of 
WBP and other major sequence databases.
Sample overview
Biological characteristics of the samples in relation to 
development and metrics associated with their tran-
scriptome profiles are given in Table 1, and the sample 
regions are illustrated graphically with respect to the H. 
microstoma life cycle in Fig. 1a. Mapping of the RNA-
seq data to the genome resulted in 90% of the 12,371 
gene models having normalised counts of one or more 
in at least one sample replicate, indicating that the tran-
scriptome profiling captured the majority of predicted 
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protein-coding genes. The overall percentage of mod-
els expressed was nearly identical among samples 
(82–83%), save the Scolex-Neck in which it was ~ 5% 
less (77%; Table 1). Full listings of raw and normalised 
counts are given in Additional file  1: Tables S1.2 and 
S1.3, respectively.
Principal component analysis of the sample repli-
cates (Fig.  1b) showed that they cluster tightly, save the 
End samples that showed a higher degree of dispersion. 
Eighty-six percent of the total variation was characterised 
by the first two principal components, with PC1 broadly 
separating the Larvae and Scolex-Neck samples from the 
Mid, End and Whole Adult samples, and PC2 separating 
the Mid and End samples from the others. The degree of 
similarity among replicates was higher than might have 
been expected, given that all samples were based on mul-
tiple individuals (save the Whole Adult samples; Table 1) 
and that there was inherent variability in both the degree 
of development among Larvae (which nevertheless 
showed the least dispersion) and in the ability to sample 
precisely the same regions of the strobila from different 
individuals. Heatmap analysis of sample-to-sample dis-
tances (Fig.  1c) showed that the Scolex-Neck samples 
were more similar in overall expression to the Larvae 
than to the other adult samples. Meanwhile, the Mid, End 
and Whole Adult samples formed a nested relationship in 
which the Whole Adult samples were closest to the Mid 
samples, suggesting that the profiles for Whole Adults 
were dominated by factors relating to sexual develop-
ment, as would be expected given the proportion of the 
adult worm represented by the strobila.
To examine similarities and differences among the 
samples in relation to our GOI, we constructed heat-
maps based on normalised, mean expression values of 
three suites of genes: all homeobox transcription factors 
(Fig. 2a), components of Wnt, Notch and Hedgehog sig-
nalling pathways (Fig.  2b) and the GOI identified here 
(Fig.  2c), discussed below. In all cases, clustering of the 
samples produced the same branching pattern as the 
sample-to-sample comparisons based on all gene mod-
els. Moreover, hierarchical clustering united the Scolex-
Neck and Larvae as sister groups, whereas independent 
branches would be more likely if their relationship was 
simply a reflection of their relative dissimilarity to the 
other samples. This relationship was further illustrated by 
large overlap in GOI DE in both the Larvae (cf. Whole 
Adults) and Scolex-Neck (cf. Mid and/or End) samples 
(Table  2; Additional file  1: Table  S1), discussed below. 
We suggest that these groupings reflect the overarching 
similarities and differences in the underlying develop-
mental processes represented by the samples (Table  1): 
mid-metamorphosis Larvae and the neck region of adult 
worms both exhibit extensive tissue re-modelling and 
patterning, whereas the Mid and End, and consequently, 
Whole Adult samples, exhibit growth predominately in 
relation to sexual and reproductive development.
Overview of differentially expressed genes
We considered a gene model to be differentially 
expressed if the difference between the mean, normal-
ised sample counts was greater or less than zero at a 
confidence level of 1e-05, irrespective of the magnitude 
of difference. We ranked results by their log2fold change 
but did not impose an arbitrary cut-off to limit the num-
ber of DE genes taken into consideration. To identify 
up-regulated genes in the Larvae, we contrasted it with 
the Whole Adult sample, and not with the regional adult 
samples. To identify DE genes in adults, we made inde-
pendent contrasts of each of the three regional samples 
with the other two, enabling DE gene models to be asso-
ciated with different phases of strobilar and sexual devel-
opment that are confounded by the Whole Adult sample. 
Full lists of DE gene models are given in Additional file 2: 
Tables S2.2–S2.5 for both sides of each contrast. For the 
reasons above, gene models up-regulated in the Whole 
Adult relative to Larvae are not considered further here 
but are included in Additional file 2: Table S2.2.
The percentage of gene models DE among the contrasts 
ranged from as low as 4.5% in the Mid sample (cf. End) 
to 30% in the Whole Adult sample (cf. Larvae; Table 1). 
The majority of the highest DE genes (e.g. top 20) among 
the contrasts were ‘novel’ proteins: predicted protein 
sequences lacking any significant similarity against the 
BLAST nr database (i.e. e values < 0.0001) or recognisable 
protein domains that were variously annotated as ‘n/a’ 
(no annotation), ‘expressed protein’, ‘expressed conserved 
protein’ (when supported by > 100 RNA-seq reads [35]), 
‘hypothetical protein’ or ‘hypothetical transcript’. Puta-
tively novel proteins make up just over half of all gene 
models (6455 of 12,371) and among contrasts ranged 
from 31 to 47% of the DE genes. In general, there were 
~ 10% more novel gene models DE in contrasts involv-
ing the Whole Adult, Mid or End samples as compared 
to contrasts involving the Larvae or Scolex-Neck (Addi-
tional file  2: Table  S2.1), suggesting that reproductive 
growth involves a larger percentage of putatively tape-
worm-specific factors than either larval metamorphosis 
or strobilation.
Gene Ontology
Gene Ontology (GO) [46, 47] terms associated with DE 
gene models were retrieved from WormBase ParaSite 
(parasite.wormbase.org; [44, 45]) and used to try and 
identify differences in term annotations among the sam-
ples (GO ‘hits’ to DE gene models are given in Additional 
file 2: Tables S2.2–S2.5). In total, 1962 unique terms were 
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Fig. 2 Heatmaps based on mean, normalised expression of selected factors representing ‘signals’ and ‘switches’. a All homeobox transcription 
factors [35]. b Wnt, Notch and Hedgehog signalling components [35, 63, 178]. c Differentially expressed genes of interest (Table 2, Additional file 4: 
Table S4; note that some of the factors in a, b were differentially expressed in one or more of the contrasts and are therefore also represented in c). 
All three suites of genes produce the same hierarchical clustering of the samples, congruent with that based on overall gene expression (Fig. 1c)
Page 7 of 29Olson et al. EvoDevo            (2018) 9:21 
Ta
bl
e 
2 
U
p-
re
gu
la
te
d 
ge
ne
s 
of
 in
te
re
st
Co
nt
ra
st
Lo
g2
fo
ld
 c
ha
ng
e 
(t
ra
ns
fo
rm
ed
 m
ea
n 
ex
pr
es
si
on
 S
am
pl
e 
A
–S
am
pl
e 
B)
G
en
e 
m
od
el
Ty
pe
Cl
as
si
fic
at
io
n
G
en
e
La
rv
ae
 c
f. 
W
ho
le
 
A
du
lt
Sc
ol
ex
-N
ec
k 
cf
. 
M
id
Sc
ol
ex
-N
ec
k 
cf
. 
En
d
M
id
 c
f. 
Sc
ol
ex
-
N
ec
k
M
id
 c
f. 
En
d
En
d 
cf
. S
co
le
x-
N
ec
k
En
d 
cf
. M
id
La
rv
ae
 c
f. 
W
ho
le
 A
du
lt
H
m
N
_0
00
06
47
00
TF
PR
D
 h
om
eo
bo
x
ar
is
-li
ke
b
7.
4 
(1
60
–0
)
–
–
–
–
–
–
H
m
N
_0
00
64
40
00
TF
TA
LE
 h
om
eo
bo
x
pk
no
xb
6.
9 
(6
69
–4
)
–
–
–
–
–
–
H
m
N
_0
00
42
39
00
SC
RT
K 
si
gn
al
lin
g
FG
FR
1
3.
5 
(1
12
5–
96
)
–
–
–
–
–
–
H
m
N
_0
00
73
71
00
TF
ET
S
el
f2
-li
ke
3.
3 
(1
31
–1
3)
–
–
–
–
–
–
H
m
N
_0
00
62
77
00
TF
H
M
G
-S
O
X
so
x1
5
3.
1 
(3
31
–3
7)
–
–
–
–
–
–
H
m
N
_0
00
59
52
00
SC
W
nt
 s
ig
na
lli
ng
fz
dE
c
2.
7 
(1
87
5–
28
2)
–
–
–
–
–
–
H
m
N
_0
00
68
03
00
TF
Fo
rk
he
ad
 b
ox
fo
xJ
3-
lik
e
2.
5 
(1
34
–2
2)
–
–
–
–
–
–
H
m
N
_0
00
89
23
00
TF
LI
M
 h
om
eo
bo
x
lh
m
3/
4
2.
4 
(5
7–
10
)
–
–
–
–
–
–
H
m
N
_0
00
17
41
00
TF
T-
bo
x
tb
x2
-li
ke
1.
9 
(9
02
–2
49
)
–
–
–
–
–
–
H
m
N
_0
00
11
22
00
SC
W
nt
 s
ig
na
lli
ng
w
nt
2d
1.
8 
(1
66
–4
6)
–
–
–
–
–
–
H
m
N
_0
00
05
57
00
SC
N
ot
ch
 s
ig
na
lli
ng
de
lta
-1
1.
6 
(5
00
–1
68
)
–
–
–
–
–
–
H
m
N
_0
00
08
99
00
TF
E2
F
e2
f4
-li
ke
1.
3 
(1
08
4–
43
2)
–
–
–
–
–
–
H
m
N
_0
00
59
95
00
PT
R
RN
A
-b
in
di
ng
 
pr
ot
ei
n
br
un
o4
-li
ke
1.
1 
(2
28
4–
10
93
)
–
–
–
–
–
–
H
m
N
_0
00
30
74
00
TF
SI
N
E 
ho
m
eo
bo
x
un
as
si
gn
ed
b
1.
0 
(1
96
–9
6)
–
–
–
–
–
–
H
m
N
_0
00
44
66
00
SC
W
nt
 s
ig
na
lli
ng
di
sh
ev
el
le
db
0.
6 
(1
15
3–
78
1)
–
–
–
–
–
–
(L
ar
va
e 
cf
. W
ho
le
 A
du
lt)
 A
N
D
 (E
nd
 c
f. 
Sc
ol
ex
-N
ec
k 
an
d 
M
id
)
H
m
N
_0
00
68
93
00
SC
RT
K 
si
gn
al
lin
g
FG
FR
2
3.
8 
(1
79
7–
12
5)
–
–
–
–
2.
0 
(1
45
–3
6)
1.
7 
(1
59
–4
6)
H
m
N
_0
00
20
49
00
TF
Fo
rk
he
ad
 b
ox
fo
xO
3/
4
1.
2 
(3
27
4–
14
41
)
–
–
–
–
0.
8 
(1
33
7–
75
8)
1.
2 
(1
46
4–
63
4)
H
m
N
_0
00
19
17
00
TF
C
U
T 
ho
m
eo
bo
x
cu
x/
C
A
SP
-li
ke
0.
6 
(1
26
0–
84
3)
–
–
–
–
0.
9 
(8
92
–4
82
)
1.
2 
(9
76
–4
14
)
(L
ar
va
e 
cf
. W
ho
le
 A
du
lt)
 A
N
D
 (S
co
le
x-
N
ec
k 
cf
. M
id
 a
nd
/o
r E
nd
)
H
m
N
_0
00
12
56
00
TF
Fo
rk
he
ad
 b
ox
fo
xQ
2
9.
0 
(8
66
–0
.5
)
6.
2 
(2
2–
0)
–
–
–
–
–
H
m
N
_0
00
07
43
00
TF
PO
U
 h
om
eo
bo
x
po
u-
lik
eb
6.
8 
(1
00
–0
)
4.
2 
(4
4–
2)
4.
5 
(3
6–
0)
–
–
–
–
H
m
N
_0
00
04
24
00
TF
PR
O
X 
ho
m
eo
bo
x
pr
ox
1
5.
8 
(1
03
5–
17
)
4.
2 
(1
27
–7
)
3.
4 
(1
05
–7
)
–
–
–
–
H
m
N
_0
00
77
25
00
TF
A
N
TP
-H
O
XL
 
ho
m
eo
bo
x
ho
x4
/d
fd
e
3.
8 
(1
22
6–
91
)
4.
7 
(1
42
4–
53
)
4.
5 
(1
17
3–
47
)
–
–
–
–
H
m
N
_0
00
84
54
00
TF
PR
D
 h
om
eo
bo
x
ot
pb
3.
7 
(1
57
–1
2)
3.
1 
(8
9–
10
)
–
–
–
–
–
H
m
N
_0
00
74
77
00
TF
PO
U
 h
om
eo
bo
x
po
u4
b
3.
3 
(1
30
–1
3)
3.
4 
(5
8–
5)
–
–
–
–
–
H
m
N
_0
00
87
49
00
TF
H
M
G
-S
O
X
so
xP
F2
3.
2 
(8
39
0–
88
9)
2.
1 
(2
62
1–
63
2)
2.
8 
(2
15
9–
31
0)
–
–
–
–
H
m
N
_0
00
63
94
00
SC
N
ot
ch
 s
ig
na
lli
ng
de
lta
-2
3.
0 
(1
69
7–
21
0)
3.
1 
(7
73
–9
2)
3.
0 
(6
36
–7
5)
–
–
–
–
H
m
N
_0
00
31
10
00
TF
Fo
rk
he
ad
 b
ox
fo
xD
-li
ke
2.
6 
(8
08
–1
36
)
1.
4 
(2
79
–1
05
)
–
–
–
–
–
H
m
N
_0
00
55
38
00
TF
ba
si
c 
H
el
ix
-L
oo
p-
H
el
ix
m
yo
D
2.
5 
(9
20
–1
58
)
3.
2 
(9
09
–1
03
)
3.
5 
(7
49
–6
5)
–
–
–
–
Page 8 of 29Olson et al. EvoDevo            (2018) 9:21 
Ta
bl
e 
2 
(c
on
ti
nu
ed
)
Co
nt
ra
st
Lo
g2
fo
ld
 c
ha
ng
e 
(t
ra
ns
fo
rm
ed
 m
ea
n 
ex
pr
es
si
on
 S
am
pl
e 
A
–S
am
pl
e 
B)
G
en
e 
m
od
el
Ty
pe
Cl
as
si
fic
at
io
n
G
en
e
La
rv
ae
 c
f. 
W
ho
le
 
A
du
lt
Sc
ol
ex
-N
ec
k 
cf
. 
M
id
Sc
ol
ex
-N
ec
k 
cf
. 
En
d
M
id
 c
f. 
Sc
ol
ex
-
N
ec
k
M
id
 c
f. 
En
d
En
d 
cf
. S
co
le
x-
N
ec
k
En
d 
cf
. M
id
H
m
N
_0
00
22
71
00
SC
W
nt
 s
ig
na
lli
ng
fz
d1
/2
/3
/6
/7
b
2.
4 
(4
78
3–
88
3)
1.
4 
(1
61
6–
59
3)
1.
6 
(1
33
1–
43
9)
–
–
–
–
H
m
N
_0
00
20
83
00
TF
H
M
G
-S
O
X
so
xP
F-
1
2.
2 
(1
21
1–
26
0)
–
1.
0 
(3
08
–1
50
)
–
–
–
–
H
m
N
_0
00
52
14
00
TF
p5
4 
fa
m
ily
p5
4-
lik
e
1.
8 
(4
75
–1
34
)
2.
5 
(5
19
–9
1)
4.
1 
(4
27
–2
3)
–
–
–
–
H
m
N
_0
00
79
72
00
TF
p5
3 
fa
m
ily
p5
3-
lik
e
1.
8 
(2
28
7–
64
0)
1.
1 
(7
14
–3
43
)
–
–
–
–
–
H
m
N
_0
00
67
68
00
SC
W
nt
 s
ig
na
lli
ng
st
ra
bi
sm
us
-2
b
1.
6 
(1
81
0–
58
6)
0.
7 
(7
31
–4
42
)
0.
9 
(6
02
–3
26
)
–
–
–
–
H
m
N
_0
00
31
97
00
SC
W
nt
 s
ig
na
lli
ng
fz
d4
/F
zB
c
1.
6 
(2
94
2–
99
4)
2.
1 
(3
00
6–
68
7)
2.
2 
(2
47
6–
53
0)
–
–
–
–
H
m
N
_0
00
49
49
00
TF
H
M
G
-S
O
X
so
xP
F-
3
1.
4 
(4
82
–1
85
)
1.
9 
(6
80
–1
82
)
2.
6 
(5
60
–9
1)
–
–
–
–
H
m
N
_0
00
04
93
00
TF
Fo
rk
he
ad
 b
ox
fo
xK
2-
lik
e
1.
3 
(8
30
–3
46
)
–
1.
3 
(3
27
–1
33
)
–
–
–
–
H
m
N
_0
00
18
75
00
TF
A
N
TP
-H
O
XL
 
ho
m
eo
bo
x
po
st
2/
ab
dB
e
1.
2 
(8
43
–3
55
)
2.
1 
(1
02
7–
23
3)
2.
1 
(8
46
–2
01
)
–
–
–
–
H
m
N
_0
00
71
08
00
SC
N
ot
ch
 s
ig
na
lli
ng
gr
ou
ch
o2
b
1.
0 
(4
35
0–
21
41
)
–
0.
9 
(1
89
5–
10
37
)
–
–
–
–
H
m
N
_0
00
85
38
00
SC
N
ot
ch
 s
ig
na
lli
ng
no
tc
h1
b
0.
5 
(1
08
6–
75
9)
1.
4 
(1
14
3–
43
8)
0.
8 
(9
42
–5
37
)
–
–
–
–
Sc
ol
ex
-N
ec
k 
cf
. M
id
 a
nd
/o
r E
nd
H
m
N
_0
00
63
83
00
TF
A
N
TP
-N
KL
 h
om
e-
ob
ox
em
xb
–
3.
6 
(9
7–
7)
3.
2 
(8
0–
7)
–
–
–
–
H
m
N
_0
00
38
56
00
TF
A
N
TP
-H
O
XL
 
ho
m
eo
bo
x
m
eo
x-
1b
–
3.
3 
(1
84
–1
7)
5.
3 
(1
52
–2
)
–
–
–
–
H
m
N
_0
00
79
00
00
TF
Lo
ze
ng
e
lz
-2
–
2.
7 
(2
40
–3
6)
3.
0 
(1
98
–2
4)
–
–
–
–
H
m
N
_0
00
13
72
00
TF
bZ
IP
bZ
IP
13
72
00
–
2.
3 
(1
53
5–
31
2)
–
–
–
–
–
H
m
N
_0
00
78
99
00
TF
Lo
ze
ng
e
lz
-1
–
2.
2 
(1
82
–3
9)
1.
8 
(1
50
–4
1)
–
–
–
–
H
m
N
_0
00
66
19
00
SC
TG
F-
β/
BM
P 
si
gn
al
lin
g
bm
p2
-li
ke
–
2.
2 
(8
7–
19
)
–
–
–
–
–
H
m
N
_0
00
14
66
00
TF
ET
S
Fl
i-1
-li
ke
–
2.
2 
(4
8–
11
)
–
–
–
–
–
H
m
N
_0
00
06
86
00
SC
H
ed
ge
ho
g 
si
gn
al
-
lin
g
he
dg
eh
og
b
–
1.
8 
(7
10
–2
03
)
1.
8 
(5
85
–1
63
)
–
–
–
–
H
m
N
_0
00
75
78
00
TF
PO
U
 h
om
eo
bo
x
po
u3
b
–
1.
8 
(5
76
–1
67
)
1.
5 
(4
75
–1
68
)
–
–
–
–
H
m
N
_0
00
32
80
00
SC
W
nt
 s
ig
na
lli
ng
w
nt
1d
–
1.
8 
(4
09
–1
19
)
1.
4 
(3
37
–1
23
)
–
–
–
–
H
m
N
_0
00
80
15
00
TF
G
AT
A
 
G
AT
A
2-
lik
e
–
1.
5 
(1
94
–6
8)
–
–
–
–
–
H
m
N
_0
00
73
70
00
TF
ET
S
el
f-1
-li
ke
–
1.
5 
(4
23
–1
51
)
–
–
–
–
–
H
m
N
_0
00
10
81
00
SC
W
nt
 s
ig
na
lli
ng
w
nt
5d
–
1.
3 
(3
04
–1
20
)
–
–
–
–
–
H
m
N
_0
00
09
84
00
SC
TG
F-
β/
BM
P 
si
gn
al
lin
g
no
gg
in
-li
ke
–
1.
3 
(6
58
–2
66
)
0.
9 
(5
42
–2
80
)
–
–
–
–
H
m
N
_0
00
02
28
00
SC
W
nt
 s
ig
na
lli
ng
w
nt
11
bd
–
1.
2 
(8
77
–3
73
)
1.
4 
(7
23
–2
67
)
–
–
–
–
Page 9 of 29Olson et al. EvoDevo            (2018) 9:21 
Ta
bl
e 
2 
(c
on
ti
nu
ed
)
Co
nt
ra
st
Lo
g2
fo
ld
 c
ha
ng
e 
(t
ra
ns
fo
rm
ed
 m
ea
n 
ex
pr
es
si
on
 S
am
pl
e 
A
–S
am
pl
e 
B)
G
en
e 
m
od
el
Ty
pe
Cl
as
si
fic
at
io
n
G
en
e
La
rv
ae
 c
f. 
W
ho
le
 
A
du
lt
Sc
ol
ex
-N
ec
k 
cf
. 
M
id
Sc
ol
ex
-N
ec
k 
cf
. 
En
d
M
id
 c
f. 
Sc
ol
ex
-
N
ec
k
M
id
 c
f. 
En
d
En
d 
cf
. S
co
le
x-
N
ec
k
En
d 
cf
. M
id
H
m
N
_0
00
01
08
00
TF
H
ip
po
 s
ig
na
lli
ng
TE
F-
5-
lik
e
–
1.
2 
(8
54
–3
68
)
–
–
–
–
–
H
m
N
_0
00
07
15
00
TF
ET
S
el
f-l
ik
e
–
1.
2 
(4
53
–1
95
)
–
–
–
–
–
H
m
N
_0
00
35
94
00
SC
W
nt
 s
ig
na
lli
ng
sf
rp
-li
ke
/S
FL
c
–
0.
9 
(2
93
0–
15
23
)
–
–
–
–
–
H
m
N
_0
00
68
38
00
TF
M
A
D
S-
bo
x
m
ef
2-
lik
e
–
0.
9 
(1
22
0–
65
6)
–
–
–
–
–
H
m
N
_0
00
20
48
00
TF
CC
A
AT
/E
BP
c/
eb
p-
lik
e
–
0.
9 
(1
32
1–
72
5)
–
–
–
–
–
H
m
N
_0
00
76
20
00
TF
Fo
rk
he
ad
 b
ox
fo
xP
1-
lik
e
–
0.
8 
(1
18
2–
65
7)
–
–
–
–
–
H
m
N
_0
00
39
56
00
TF
N
uc
le
ar
 re
ce
pt
or
2D
BD
-li
ke
–
0.
8 
(8
00
–4
49
)
–
–
–
–
–
H
m
N
_0
00
72
77
00
SC
TG
F-
β/
BM
P 
si
gn
al
lin
g
sm
ad
4-
lik
e-
2
–
0.
8 
(4
35
–2
46
)
–
–
–
–
–
H
m
N
_0
00
03
12
00
PT
R
RN
A
 b
in
di
ng
PA
2G
4-
lik
e
–
0.
5 
(4
61
0–
32
18
)
–
–
–
–
–
H
m
N
_0
00
43
34
00
TF
W
nt
 s
ig
na
lli
ng
st
ra
bi
sm
us
-1
–
–
2.
2 
(6
03
–1
31
)
–
–
–
–
H
m
N
_0
00
20
40
00
SC
TG
F-
β/
BM
P 
si
gn
al
lin
g
tg
fb
-li
ke
–
–
2.
0 
(5
32
–1
29
)
–
–
–
–
H
m
N
_0
00
87
89
00
SC
TG
F-
β/
BM
P 
si
gn
al
lin
g
ad
m
p-
lik
e
–
–
1.
3 
(3
73
–1
52
)
–
–
–
–
H
m
N
_0
00
93
21
00
SC
W
nt
 s
ig
na
lli
ng
W
IF
c
–
–
1.
2 
(2
36
–1
04
)
–
–
–
–
H
m
N
_0
00
99
71
00
PT
R
D
EA
D
-b
ox
 h
el
i-
ca
se
un
id
en
tifi
ed
–
–
0.
9 
(7
91
–4
13
)
–
–
–
–
H
m
N
_0
00
12
55
00
PT
R
Pu
m
ili
o
pu
m
1
–
–
0.
8 
(1
10
7–
63
4)
–
–
–
–
M
id
 c
f. 
Sc
ol
ex
-N
ec
k
H
m
N
_0
00
72
74
00
TF
Fo
rk
he
ad
 b
ox
fo
xA
-li
ke
–
–
–
8.
0 
(2
67
–0
.9
)
–
7.
4 
(3
30
–0
.8
)
H
m
N
_0
00
11
43
00
PT
R
Pi
w
i-l
ik
e 
ar
go
-
na
ut
e
gr
ou
p 
4 
 ar
go
na
ut
ef
–
–
–
7.
2 
(5
46
3–
31
)
–
–
–
H
m
N
_0
00
66
66
00
TF
PR
D
 h
om
eo
bo
x
ot
xb
–
–
–
7.
2 
(1
53
–0
.8
)
2.
6 
(1
32
–1
7)
–
–
H
m
N
_0
00
35
60
00
TF
TA
LE
 h
om
eo
bo
x
TA
LE
-li
ke
b
–
–
–
7.
1 
(9
05
–6
)
–
–
–
H
m
N
_0
00
76
23
00
PT
R
Bo
ul
e/
D
AZ
L
bo
ul
e2
–
–
–
7.
0 
(3
20
7–
25
)
2.
9 
(2
78
3–
22
5)
–
–
H
m
N
_0
00
99
54
00
ub
iq
ui
tin
 li
ga
se
 
co
m
pl
ex
zy
g1
1-
lik
e
–
–
–
7.
0 
(1
38
4–
11
)
–
6.
1 
(7
33
–9
)
–
H
m
N
_0
00
83
25
00
TF
A
N
TP
-N
KL
 h
om
e-
ob
ox
bs
xb
–
–
–
6.
8 
(4
4–
0)
–
–
–
H
m
N
_0
00
60
77
00
SC
RT
K 
si
gn
al
lin
g
aF
G
F-
lik
e-
2
–
–
–
6.
4 
(3
72
–4
)
–
–
–
H
m
N
_0
00
46
63
00
TF
PR
D
 h
om
eo
bo
x
pa
x4
/6
b
–
–
–
6.
3 
(5
0–
0.
3)
–
–
–
H
m
N
_0
00
01
85
00
SC
RT
K 
si
gn
al
lin
g
aF
G
F-
lik
e-
2
–
–
–
6.
2 
(3
31
–4
)
–
–
–
Page 10 of 29Olson et al. EvoDevo            (2018) 9:21 
Ta
bl
e 
2 
(c
on
ti
nu
ed
)
Co
nt
ra
st
Lo
g2
fo
ld
 c
ha
ng
e 
(t
ra
ns
fo
rm
ed
 m
ea
n 
ex
pr
es
si
on
 S
am
pl
e 
A
–S
am
pl
e 
B)
G
en
e 
m
od
el
Ty
pe
Cl
as
si
fic
at
io
n
G
en
e
La
rv
ae
 c
f. 
W
ho
le
 
A
du
lt
Sc
ol
ex
-N
ec
k 
cf
. 
M
id
Sc
ol
ex
-N
ec
k 
cf
. 
En
d
M
id
 c
f. 
Sc
ol
ex
-
N
ec
k
M
id
 c
f. 
En
d
En
d 
cf
. S
co
le
x-
N
ec
k
En
d 
cf
. M
id
H
m
N
_0
00
40
02
00
TF
A
N
TP
-H
O
XL
 
ho
m
eo
bo
x
po
st
2-
lik
ee
–
–
–
6.
0 
(1
55
–3
)
–
–
–
H
m
N
_0
00
72
04
00
TF
TA
LE
 h
om
eo
bo
x
TA
LE
-li
ke
-2
b
–
–
–
6.
0 
(4
70
–7
)
3.
0 
(4
07
–3
8)
–
–
H
m
N
_0
00
62
51
00
TF
RF
X 
w
in
ge
d-
he
lix
 
D
BD
rf
x3
-li
ke
–
–
–
5.
9 
(2
68
–4
)
2.
5 
(2
33
–3
2)
–
–
H
m
N
_0
00
46
91
00
TF
TA
LE
 h
om
eo
bo
x
m
ei
s-
lik
e
–
–
–
5.
6 
(5
07
–9
)
–
–
–
H
m
N
_0
00
19
91
00
TF
PR
D
 h
om
eo
bo
x
pa
x-
lik
e
–
–
–
4.
7 
(1
41
–6
)
1.
8 
(1
22
–3
3)
–
–
H
m
N
_0
00
19
48
00
TF
A
N
TP
-N
KL
 h
om
e-
ob
ox
dl
xb
–
–
–
4.
6 
(1
42
2–
59
)
–
–
–
H
m
N
_0
00
01
65
00
TF
AN
TP
-N
KL
 h
om
e-
ob
ox
m
sx
lx
b
–
–
–
4.
4 
(1
03
7–
48
)
–
–
–
H
m
N
_0
00
45
34
00
TF
A
N
TP
-H
O
XL
 
ho
m
eo
bo
x
m
eo
x-
3b
–
–
–
4.
0 
(2
7–
1)
–
–
–
H
m
N
_0
00
14
23
00
TF
Fo
rk
he
ad
 b
ox
fo
xC
-li
ke
–
–
–
3.
9 
(1
44
–9
)
–
–
–
H
m
N
_0
00
58
29
00
TF
LI
M
 h
om
eo
bo
x
lh
x2
/9
b
–
–
–
3.
6 
(1
63
–1
3)
2.
9 
(1
41
–1
5)
–
–
H
m
N
_0
00
30
43
00
TF
C
U
T 
ho
m
eo
bo
x
on
ec
ut
–
–
–
3.
3 
(1
35
9–
13
5)
–
–
–
H
m
N
_0
00
30
79
00
PT
R
D
EA
D
-b
ox
 h
el
i-
ca
se
dd
x1
7-
lik
e
–
–
–
3.
3 
(7
5–
7)
–
–
–
H
m
N
_0
00
52
55
00
TF
D
M
 d
om
ai
n 
se
x-
de
te
rm
in
in
g
dm
rt
-li
ke
–
–
–
2.
9 
(1
14
–1
5)
–
–
–
H
m
N
_0
00
96
16
00
TF
PR
O
X 
ho
m
eo
bo
x
pr
ox
-2
–
–
–
2.
7 
(4
60
–6
9)
–
3.
3 
(5
89
–5
7)
–
H
m
N
_0
00
38
59
00
TF
E-
bo
x
E2
-a
lp
ha
-li
ke
–
–
–
2.
4 
(1
68
1–
32
1)
–
–
–
H
m
N
_0
00
34
38
00
TF
ba
si
c 
H
el
ix
-L
oo
p-
H
el
ix
H
ES
2b
–
–
–
2.
4 
(1
30
–2
5)
–
–
–
H
m
N
_0
00
63
11
00
TF
B 
ce
ll 
fa
ct
or
 fa
m
ily
eb
f/
co
e-
lik
e
–
–
–
2.
3 
(1
35
–2
7)
–
–
–
H
m
N
_0
00
62
14
00
TF
C
2H
2 
zi
nc
 fi
ng
er
 
ho
m
eo
bo
x
zf
h-
1
–
–
–
1.
9 
(7
95
–2
16
)
–
–
–
H
m
N
_0
00
87
56
00
TF
Fo
rk
he
ad
 b
ox
fo
xJ
1-
lik
e
–
–
–
1.
7 
(1
11
6–
34
1)
2.
3 
(9
67
–1
76
)
–
–
H
m
N
_0
00
51
62
00
PT
R
Pu
m
ili
o
pu
m
2
–
–
–
1.
4 
(1
96
9–
75
7)
–
–
–
H
m
N
_0
00
46
71
00
TF
X-
bo
x
nf
x1
-li
ke
–
–
–
1.
0 
(1
29
5–
64
1)
–
–
–
H
m
N
_0
00
66
35
00
TF
A
N
TP
-N
KL
 h
om
e-
ob
ox
nk
5/
hm
xb
–
–
–
1.
0 
(1
10
2–
56
3)
–
–
–
H
m
N
_0
00
27
82
00
TF
Ba
si
c 
le
uc
in
e 
zi
pp
er
bZ
IP
27
82
00
–
–
–
0.
9 
(2
94
–1
55
)
–
–
–
Page 11 of 29Olson et al. EvoDevo            (2018) 9:21 
Ta
bl
e 
2 
(c
on
ti
nu
ed
)
Co
nt
ra
st
Lo
g2
fo
ld
 c
ha
ng
e 
(t
ra
ns
fo
rm
ed
 m
ea
n 
ex
pr
es
si
on
 S
am
pl
e 
A
–S
am
pl
e 
B)
G
en
e 
m
od
el
Ty
pe
Cl
as
si
fic
at
io
n
G
en
e
La
rv
ae
 c
f. 
W
ho
le
 
A
du
lt
Sc
ol
ex
-N
ec
k 
cf
. 
M
id
Sc
ol
ex
-N
ec
k 
cf
. 
En
d
M
id
 c
f. 
Sc
ol
ex
-
N
ec
k
M
id
 c
f. 
En
d
En
d 
cf
. S
co
le
x-
N
ec
k
En
d 
cf
. M
id
H
m
N
_0
00
19
05
00
TF
A
N
TP
-N
KL
 h
om
e-
ob
ox
nk
6b
–
–
–
0.
8 
(9
44
–5
41
)
–
–
–
H
m
N
_0
00
62
97
00
TF
N
ot
ch
 s
ig
na
lli
ng
st
ra
w
be
rr
y 
 no
tc
hb
–
–
–
0.
7 
(1
31
7–
81
9)
–
–
–
(M
id
 c
f. 
En
d)
 A
N
D
 (E
nd
 c
f. 
Sc
ol
ex
-N
ec
k)
H
m
N
_0
00
45
81
00
ub
iq
ui
tin
 li
ga
se
 
co
m
pl
ex
zy
g-
11
-li
ke
–
–
–
–
2.
2 
(7
93
–1
64
)
1.
6 
(1
50
–4
7)
–
En
d 
cf
. S
co
le
x-
N
ec
k 
an
d/
or
 M
id
H
m
N
_0
00
66
30
00
TF
H
M
G
-S
ox
so
x5
/6
–
–
–
–
–
3.
1 
(6
39
–7
1)
–
H
m
N
_0
00
11
70
00
TF
A
N
TP
-N
KL
 h
om
e-
ob
ox
ba
rh
-li
ke
b
–
–
–
–
–
1.
6 
(6
27
–2
02
)
1.
1 
(6
85
–3
12
)
H
m
N
_0
00
56
02
00
TF
ba
si
c 
H
el
ix
-L
oo
p-
H
el
ix
bi
gm
ax
-li
ke
–
–
–
–
–
1.
4 
(2
05
9–
78
1)
1.
1 
(2
25
1–
10
19
)
H
m
N
_0
00
33
77
00
SC
Sl
it-
Ro
bo
 s
ig
na
l-
lin
g
sl
it-
lik
e
–
–
–
–
–
1.
3 
(9
84
–3
93
)
–
H
m
N
_0
00
20
87
00
TF
A
N
TP
-N
KL
 h
om
e-
ob
ox
nk
2.
1b
–
–
–
–
–
1.
1 
(1
10
7–
51
1)
0.
8 
(1
21
0–
68
4)
H
m
N
_0
00
35
44
00
SC
W
nt
 s
ig
na
lli
ng
G
SK
3-
lik
e
–
–
–
–
–
0.
9 
(1
82
3–
93
5)
–
H
m
N
_0
00
75
85
00
PT
R
Pu
m
ili
o
pu
m
3
–
–
–
–
–
0.
8 
(4
34
1–
24
60
)
0.
8 
(4
74
2–
26
21
)
H
m
N
_0
00
55
65
00
SC
W
nt
 s
ig
na
lli
ng
sf
rp
c
–
–
–
–
–
0.
7 
(7
51
–4
49
)
1.
1 
(8
23
–3
91
)
H
m
N
_0
00
21
51
00
TF
Ba
si
c 
le
uc
in
e 
zi
pp
er
bz
ip
-5
74
30
0
–
–
–
–
–
–
1.
8 
(4
93
–1
32
)
H
m
N
_0
00
72
76
00
SC
TG
F-
β/
BM
P 
si
gn
al
lin
g
sm
ad
4-
lik
e-
1
–
–
–
–
–
–
0.
8 
(7
75
–4
29
)
a  
G
en
es
 o
f i
nt
er
es
t: 
tr
an
sc
rip
tio
n 
fa
ct
or
s 
(T
F)
 (n
.b
. z
in
c 
fin
ge
rs
 a
re
 li
st
ed
 s
ep
ar
at
el
y 
in
 T
ab
le
 S
3,
 A
dd
iti
on
al
 fi
le
 3
), 
si
gn
al
lin
g 
co
m
po
ne
nt
s 
(S
C)
 a
nd
 p
os
t-
tr
an
sc
rip
tio
na
l/t
ra
ns
la
tio
na
l r
eg
ul
at
or
s 
(P
TR
). 
Sp
at
ia
l e
xp
re
ss
io
n 
pa
tt
er
ns
 a
re
 d
is
cu
ss
ed
 in
 th
e 
te
xt
 fo
r g
en
e 
m
od
el
s 
sh
ow
n 
in
 b
ol
d
b  
G
en
e 
id
en
tifi
ca
tio
n 
ba
se
d 
on
 T
sa
i e
t a
l. 
[3
5]
c  
G
en
e 
id
en
tifi
ca
tio
n 
ba
se
d 
on
 K
oz
io
l e
t a
l. 
[6
3]
d  
G
en
e 
id
en
tifi
ca
tio
n 
ba
se
d 
on
 R
id
di
fo
rd
 a
nd
 O
ls
on
 [1
78
]
e  
G
en
e 
id
en
tifi
ca
tio
n 
ba
se
d 
on
 O
ls
on
 [1
0]
f  
G
en
e 
id
en
tifi
ca
tio
n 
ba
se
d 
on
 S
ki
nn
er
 e
t a
l. 
[1
3]
Page 12 of 29Olson et al. EvoDevo            (2018) 9:21 
available, 6863 models had at least one annotation, and of 
these, 4254 models had a biological process annotation. 
When mapped to higher-level terms (i.e. GO slims), the 
pattern of annotation between the samples was highly 
consistent, with metabolic processes being the most rep-
resented in all cases (Fig. 3). Notably, despite the overall 
percentage of models expressed being nearly identical 
among samples, the Larvae had fewer GO slim annotated 
hits. Since these GO annotations are generated based 
on similarity to genes from well-studied organisms (i.e. 
humans and major model organisms; see Table 2 in [47]), 
this result suggests that the Larvae are expressing more 
genes that either have little similarity to other species and 
remain unannotated, or have annotations to terms that 
do not fall into the general GO slim categories. For the 
same reason, we suggest that the overall pattern (Fig. 3) is 
predominately one that reflects the ‘housekeeping’ state 
of the samples and is therefore highly similar, especially 
among adult samples.
We used GOseq [48] to look for biological process 
terms that had enriched representation among our sets of 
DE genes models using all models, and using only those 
with log2fold-change thresholds of 1.5 or 2.0. However, 
no biological process category was significant after mul-
tiple testing correction at any threshold. We therefore 
also used REVIGO [49] to reduce the number of terms 
by removing redundant, related terms. However, even 
using the ‘tiny’ option we found that terms were still too 
numerous for graphical overviews, and thus, we instead 
present lists of top-level terms for each contrast (Addi-
tional file  3: Tables S3.1–S3.7). In many cases, GO pro-
vided further support for the putative identities of the 
GOI, and for zinc finger proteins we used GO annota-
tions to select gene models minimally including both 
‘metal ion’ and ‘DNA-templated’ binding. Although in 
principle GO terms could be used to identify models 
representing major categories of genes, e.g. signalling or 
transcription, we found that hits against identified GOI 
were too inconsistent to be used reliably for this purpose. 
Given this result and the lack of enriched terms in our 
DE genes, we suggest that the application of this vocab-
ulary to invertebrate, and especially lophotrochozoan, 
genomes is highly limited.
Genes of interest
Among the DE gene models with annotations, we iden-
tified a total of 189 unique GOI up-regulated in one or 
more of the contrasts (listed in Table 2 and summarised 
in Additional file  2: Table  S2.1; individual gene models 
highlighted in Additional file 2: Tables S2.2–S2.5). Forty 
0 250 500 750 1000 1250 1500 1750 2000 2250 2500
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Fig. 3 Comparison of Gene Ontology biological process annotations (slimmed) for the gene models across the samples. GO hits were counted only 
for models with mean, normalised expression levels ≥ 10. Note a generally smaller number of GO annotations in Larvae compared to the samples 
representing the adult worm
Page 13 of 29Olson et al. EvoDevo            (2018) 9:21 
percent of these were putative zinc finger transcrip-
tion factors, the most abundant class of transcriptional 
regulators in animal genomes [50], and are compiled 
separately in Additional file 4: Table S4. The largest num-
ber of GOI (and DE genes in general) was identified in 
Larvae compared to the Whole Adult (Table  1; Addi-
tional file 2: Table S2.1), reflecting the coarseness of this 
contrast relative to those involving samples represent-
ing different regions of the adult worm which would be 
expected to share more similar constitutive (i.e. back-
ground) gene expression profiles, and thus a smaller per-
centage of genes DE. Not considering zinc fingers, 39 
GOI were identified in Larvae, more than half of which 
were also found to be up-regulated in the Scolex-Neck 
sample when compared to the Mid and/or End samples. 
Conversely, little overlap in up-regulated GOI was found 
among other contrasts (Table 2).
Among the regional adult samples, contrasts involving 
the Scolex-Neck and Mid regions resulted in comparable 
numbers of GOI (60–61), whereas only ~ 1/3 as many 
were identified in the End sample (Table 1). This relative 
lack of up-regulated GOI could be explained by a loss 
of power due to the larger variation among replicates of 
the End sample (Fig. 1b). However, the overall number of 
DE gene models was comparable or greater in contrasts 
involving the End sample than in those involving other 
regions. Similarly, although there was a higher percent-
age (~ 10%) of novel DE genes in the End sample com-
pared to the Scolex-Neck (and thus fewer annotated gene 
models from which GOI could be identified), this was 
equally true for the Mid sample. It therefore seems more 
likely that the relative lack of GOI identified from the End 
sample is due to developmental pathways up-regulated 
in the Mid and/or Scolex-Neck samples also operating in 
the End sample, and thus not found to be DE. For exam-
ple, pathways regulating sexual development in the End 
are likely to be largely the same as those operating in the 
Mid sample, while pathways regulating some aspects 
of embryogenesis (e.g. axial patterning) may also be 
involved in strobilar growth in the Scolex-Neck sample. 
Thus, although developmental processes such as embryo-
genesis and senescence are uniquely represented by the 
End sample, the quantitative approach taken here was 
limited in its ability to identify associated factors.
Differential expression during larval metamorphosis
Characteristically, the two most DE transcripts in Lar-
vae were paralogs of the larval-specific tapeworm ‘anti-
gen B-like’ protein [34] which were massively expressed 
(24,000 in Larvae cf. 0.5 in Whole Adults; Table S.2.2, 
Additional file 2). However, among DE GOI, more than 
half were also found to be up-regulated in the Scolex-
Neck sample. Those with the highest fold change were 
the forkhead box gene foxQ2 that was also up-regulated 
in the Scolex-Neck, followed by an aristaless-like home-
obox which was DE only in Larvae. Other zinc finger, 
homeobox, forkhead box and high mobility group genes 
comprised the majority of transcription factors DE in 
Larvae only or in both the Larvae and Scolex-Neck sam-
ples. Among signalling components, two FGF recep-
tors were identified, one of which was also up-regulated 
in the End sample, whereas components of Wnt and 
Notch pathways were enriched in both the Larvae and 
Scolex-Neck samples. A total of six Wnt components 
were identified in Larvae including a Wnt ligand and 
frizzled receptor DE only in Larvae, and two frizzleds 
up-regulated in both the Larvae and Scolex-Neck. Simi-
larly, the Notch receptor delta-1 was DE only in Larvae, 
whereas delta-2 and the ligand notch-1 were DE in both 
the Larvae and Scolex-Neck. Genes with putative roles in 
regulating stem cells included the post-translational reg-
ulator bruno [51], DE only in Larvae, and members of the 
p53/54 transcription factor families [52], DE in both the 
Larvae and Scolex-Neck samples.
Below we discuss spatial gene expression during larval 
metamorphosis of nine transcripts (Fig. 4), the majority 
of which were DE in both the Larvae and Scolex-Neck 
samples (Table 2). Included are two putative zinc finger 
transcription factors that were not part of those identi-
fied in Additional file  4: Table  S4, but were previously 
identified in DE analyses based on an earlier version of 
the genome.
aristaless
An aristaless-like Paired-class homeobox was highly DE 
in Larvae and had a transformed mean of zero in the 
Whole Adult (Table 2). It is expressed around the devel-
oping suckers and rostellum of the scolex, starting as one 
apical and two bilateral foci that expand and continue 
to be expressed post-encystment (Fig.  4a). At mid-met-
amorphosis, expression is broadly consistent with the 
spatial arrangement of the neurological connections that 
form together with the principal structures of the scolex 
(i.e. the apical rostellum and suckers) [39, 53], consist-
ent with a role in the development of the central nerv-
ous system (CNS). In vertebrates, the aristaless-related 
homeobox gene ARX plays a pivotal role in neurogenesis 
and dysregulation is implicated in multiple neurological 
disorders [54], whereas it is involved in distal append-
age formation in insects [55–57] and tentacle formation 
in Hydra [58]. Paired genes represent the second most 
diverse class of homeoboxes after ANTP [59], and many 
Paired-family genes are expressed in the nervous system 
of animals (e.g. otp, discussed below), including lopho-
trochozoans [60].
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orthopedia
A putatively CNS-related pattern of expression is also 
seen in an ortholog of the Paired-class homeobox ortho-
pedia (Otp). Hmic-otp expression is diffuse in early-stage 
Larvae, but by mid-metamorphosis is restricted to the 
anterior hemisphere that gives rise to the juvenile worm. 
There it is expressed in large foci that overlap and encir-
cle the Larvae in two ‘stripes’, one sub-apical and the 
other reaching the equator (Fig.  4b). Otp is a canonical 
regulator of brain development in animals [61], including 
Fig. 4 Spatial gene expression during larval metamorphosis. Larvae are staged as shown in Fig. 1a. Asterisks in d the nascent suckers and rostellar 
bulb, and arrows indicate the regions of the Larvae that give rise to the juvenile worm, cyst tissues and tail. Dotted line in e the boundary between 
the encysted juvenile worm and surrounding tissues. Arrows show oncospheral hooks where visible, indicating the larval posterior [63]. Gene 
models: aris-like (HmN_000064700), foxQ2 (HmN_000125600), myoD (HmN_000553800), otp (HmN_000845400), pou4 (HmN_000747700), pou-like 
(HmN_000074300), soxPF-1 (HmN_000208300), zf581200 (HmN_000581200), zf798800 (HmN_000798800). All scale bars 50 μm
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planarians in which it is expressed in the outer branches 
of the brain during homoeostasis and in an apical patch 
in head blastemas during regeneration [62]. Although the 
expression pattern of Hmic-otp is more dispersed than 
that of Hmic-aris, it is broadly consistent with the areas 
where the cerebral ganglia and innervation of the suckers 
and rostellum.
foxQ2
An ortholog of foxQ2 is expressed in bilateral foci at the 
sides of the larva during the initial phase of metamor-
phosis and post-encystment becomes dispersed around 
the suckers (Fig. 4c). This is similar to the pattern seen in 
developing protoscoleces of the fox tapeworm Echinococ-
cus multilocularis [63] and consistent with the patterning 
of the main branches of the CNS and innervation of the 
scolex. FoxQ2 is a key regulator in the earliest stages of 
anterior patterning in animal embryos and in the devel-
opment of the CNS [64–67]. As in tapeworms, foxQ2 is 
not expressed apically in planarians, but in various parts 
of the nervous system, including photoreceptor neurons 
[68] and neural progenitor cells [69]. FoxQ2 is also up-
regulated in the Scolex-Neck sample, albeit at levels that 
are orders of magnitude less than in Larvae (Table  2), 
whereas no read mapped to this gene model in the Mid 
and End samples (Additional file 1: Table S1.2).
myoD
Neurogenesis occurs in concert with muscle develop-
ment, and in both the Larvae and Scolex-Neck samples 
we find strong up-regulation of a myoD ortholog, a uni-
versal regulator of myogenesis in animals [70]. WMISH 
shows clear spatial and temporal changes throughout 
metamorphosis, and the three regions of the nascent cys-
ticercoid larva are readily demarcated by its expression 
(Fig. 4d). The anterior hemisphere shows diffuse expres-
sion throughout, whereas more concentrated expres-
sion makes visible the nascent suckers and rostellar bulb 
(marked by asterisks). The posterior hemisphere shows a 
strong band of expression in the cyst tissues around the 
‘primary lacuna’ (i.e. larval cavity) in which thin sheets 
of muscle develop. Meanwhile, cells posterior to the 
cyst region that will subsequently form the ‘tail’ show no 
expression during early stages of metamorphosis. Hmic-
myoD continues to be expressed strongly in the develop-
ing juvenile post-encystment (S4) and becomes restricted 
to the tail in the mature cysticercoid (Fig. 4d).
MyoD is a basic helix-loop-helix (bHLH) type tran-
scription factor that has been described as a ‘master 
switch’ capable of inducing and orchestrating the dif-
ferentiation of skeletal muscle cells in vertebrates [71]. 
Muscle development has been well described in planar-
ians [72–74], and a myoD ortholog is expressed in both 
putative myogeneic progenitor cells [69] as well as fully 
differentiated myocytes [74]. More recently, Scimone 
et al. [75] showed that Smed-myoD does not play a gen-
eralised role in planarian muscle development, but is 
instead specific to the formation of a single muscle layer: 
the longitudinal muscles. Selectively inhibiting their for-
mation via RNA interference revealed that the different 
muscle layers play distinct instructive roles during regen-
eration [75]. MyoD expression in Hymenolepis shows pat-
terns consistent with the development of its larval muscle 
architecture, but further work is required to test whether 
its expression is specific to a particular layer.
pou4 and pou-like
Two POU-class homeoboxes show scattered, punc-
tate expression. Spatial expression of pou4 is restricted 
to the anterior, juvenile-forming half of the larva, with 
increased expression following encystment (Fig.  4e). 
Pou-like shows fewer foci more equatorially distrib-
uted during early metamorphosis, becoming diffuse and 
restricted to the posterior tail of the Larvae post-encyst-
ment (Fig. 4f ). POU-class genes are found in all animals 
and are characterised by possession of separate POU and 
homeobox DNA-binding domains tethered by a variable 
linker region [76]. Parasitic flatworms possess orthologs 
of POU2, POU3, POU4 and POU6 family genes together 
with a single ‘orphan’ POU-like gene [35]. They have thus 
lost members of the POU1 family hypothesised to be pre-
sent in the ancestor of the Lophotrochozoa, whereas the 
POU5 class is novel to vertebrates [77]. POU genes are 
involved extensively in nervous system development and 
in the regulation of stem cell pluripotency in vertebrates 
[76, 78, 79], and CNS-related expression has been shown 
in a range of lophotrochozoans, including planarians 
[80] and octopi [81]. POU genes are enriched in planar-
ian neoblasts [82], and Scimone et al. [83] demonstrated 
the role of a pou2/3 gene (putatively orthologous to pou3 
orthologs in parasitic flatworms [35]) in the development 
of the planarian’s protonephridial system. Restriction of 
Hmic-pou4 to the areas of the developing scolex com-
bined with conserved roles of POU genes in neurogenesis 
is consistent with its involvement in CNS development, 
like aris, otp and foxQ2. In contrast, the posterior, cyst-
restricted expression of the ‘orphan’ pou-like gene makes 
it unlikely to be involved in either CNS or protonephrid-
ial development.
soxPF-1
A Sox (SYR-like box) family transcription factor is 
expressed in a diffuse and dynamic fashion, appearing 
ubiquitous in S1 Larvae save the most posterior region, 
then seen in the nascent cyst tissues in S3, and finally 
restricted to the developing juvenile post-encystment (S4; 
Page 16 of 29Olson et al. EvoDevo            (2018) 9:21 
Fig. 4g). SoxPF-1 is one of three paralogs that are part of a 
parasitic flatworm-specific expansion of Sox genes, all of 
which show up-regulation in both the Larvae and Scolex-
Neck samples (Table  2). In planarians, the Schmidtea 
soxP1 gene and the presumably paralogous genes Smed-
soxP2 and Smed-soxP3 are all expressed in neoblasts, but 
only soxP1 is required for their long-term maintenance 
[84]. Sox genes are canonical regulators of metazoan 
stem cells capable of reprogramming differentiated cells 
[85, 86]. Spatial expression of soxPF-1 in Hymenolepis 
may reflect cell proliferation during the different phases 
of metamorphosis, such as the formation of the cyst tis-
sues and morphogenesis of the juvenile worm, and if 
so would be consistent with the gene product having a 
canonical role in regulating stem cells, as they comprise 
the only proliferative cell compartment in flatworms [27].
zf581200 and zf798800
Two unclassified, C2H2-type zinc finger transcription 
factors show strong expression in Larvae: zf581200 is 
expressed in a quartet pattern in the anterior of the Lar-
vae, prefiguring development of the suckers (Fig.  4h), 
while zf798800 exhibits diffuse expression that becomes 
restricted posteriorly through the course of metamor-
phosis (Fig. 4i). In the present analyses, zf581200 shows 
only 2 fragments mapped to Larvae (Additional file  1: 
Table  S1.2), whereas gene model HmN_000798800 is 
not supported in the v.2 assembly, albeit our empirical 
data show that it represents a bona fide gene transcript. 
At least 37 types of specific binding domains character-
ise the zinc finger super-family, of which the C2H2 type 
is the most abundant [87, 88] and there are nearly 200 
zinc finger genes in the H. microstoma genome [35]. It 
is hypothesised that lineage-specific expansion of tran-
scription factors such as these plays a role in the changes 
in gene regulatory networks that produce unique traits 
in animals [88, 89], and thus, although almost all of the 
putative zinc fingers identified are unclassified (Addi-
tional file  4: Table  S4), their spatial expression patterns 
would be nevertheless valuable to survey.
Differential expression in the Scolex-Neck region
Differentially expressed GOI in the Scolex-Neck con-
trasts included a wide diversity of major types of tran-
scription factors and more signalling components (18) 
than were found among the other contrasts. As previ-
ously discussed, nearly half of the GOI up-regulated in 
Scolex-Neck cf. Mid and/or End samples (35 of 77) were 
also up-regulated in the Larvae sample (Table  2 and 
Additional file 4: Table S4). Components of Wnt signal-
ling included two Wnt ligands (wnt1 and wnt11b) and 
repressors (sfrp-like and wif) and a paralog of strabis-
mus, DE only in the Scolex-Neck, in addition to another 
strabismus paralog and two frizzled receptors DE in both 
the Scolex-Neck and Larvae. Notch signalling compo-
nents, including orthologs of a Notch ligand and a Delta 
receptor, were also up-regulated in both the Scolex-Neck 
and Larvae samples, as noted above. Unlike the Larvae, 
however, DE GOI in the Scolex-Neck also included five 
components of TGF-β/BMP signalling, including tgfb and 
bmp2-like genes, an ortholog of Hedgehog, the primary 
ligand of the Hedgehog signalling pathway, and a tef-5-
like transcript associated with Hippo signalling [90, 91]. 
One of three paralogs of the stem cell regulator Pumilio 
[92, 93] (pum1) is up-regulated relative to the End sam-
ple (but not to the Mid), whereas the remaining paralogs, 
pum2 and pum3, are independently up-regulated in the 
Mid and End samples, respectively (Table 2).
Below we discuss spatial expression patterns in the 
Scolex-Neck and immature strobila of five genes:
snail
An ortholog of snail is expressed in a gradient around the 
medullary region and fades after the transition with the 
strobila (Fig. 5a). Further down the strobila, it is weakly 
expressed in the genital primordia (Fig.  5f ). Here the 
gene model was not found to be DE but had been pre-
viously identified as such when the RNA-seq data were 
mapped to an earlier version of the genome assembly. 
Snail is a C2H2-type zinc finger transcription factor [94] 
encoding a protein that negatively regulates binding of 
myoD in progenitor myoblasts in mice, controlling their 
transcriptional state from one of proliferation to differ-
entiation [95]. In Schmidtea, a direct ortholog of Hmic-
snail is expressed together with Smed-myoD in a distinct 
population of muscle-related progenitor neoblasts [69]. 
Myogenesis in the neck is clearly required for the contin-
ual extension of the body by intercalation of new muscle 
cells. If snail plays a canonical role in tapeworms, then 
neoblast specialisation in planarians suggests that its 
expression pattern most likely represents a sub-popula-
tion of germinative cells with a myogenic fate. Moreover, 
it would follow that what appears to be a lack of expres-
sion in the cortical (outer) region would be explained by 
migrating myogenic cells transitioning from a state of 
proliferation to one of differentiation [95].
bZIP137200
An unclassified, basic-region leucine zipper (bZIP) tran-
scription factor exhibits intense, diffuse expression in the 
neck that fades in a gradient at the transition with the 
strobila (Fig. 5b), as well as secondary foci of expression 
in the nascent seminal receptacle (Fig.  5g). Like bHLH 
transcription factors, bZIP proteins dimerise to form 
DNA-binding motifs and predate the origin of Meta-
zoa [96]. The repertoire of bZIP class genes is largely 
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unknown outside of major animal and plant models, 
especially in regard to lophotrochozoan taxa. However, 
a total of 29 bZIP genes were identified among the gene 
models of the Japanese oyster [97], including putative 
orthologs of many genes found in ecdysozoans and deu-
terostomes. The restricted expression of bZIP137200 in 
the neck region and in the nascent reproductive organs 
points towards a role in a proliferative (= stem) cell 
compartment.
The patterns of both snail and bZIP137200 appear to 
involve expression near the boundary of the medullary 
and cortical regions where there is a confluence of pri-
mary nerve elements, thick longitudinal muscle bundles 
and germinative cells [37, 39, 53]. Signalling between 
the nerve-muscle system and neoblasts is central to the 
developmental regulatory networks of planarians [98, 
99], suggesting that this boundary in tapeworms repre-
sents a putative ‘signalling cylinder’ found not only the 
neck region, but extending the length of the strobila [12, 
100]. As transcription factors act as up-stream or down-
stream elements in signalling pathways, those DE in the 
Scolex-Neck are likely to be linked to developmental pro-
cesses specific to the region.
TGF-β-like
A TGF-β-like ortholog is expressed in multiple foci 
throughout the worm. In the neck, it is expressed in the 
genital primordia (misnamed the ‘primitive streak’ in 
Fig. 5 Spatial gene expression in the Scolex-Neck. a–d Expression in the scolex, neck and immature strobila. f Expression of snail in the genital 
primordia. g Expression of bZIP137200 in the nascent seminal receptacle. h, i Expression of tgfb-like in immature segments. Arrows in h segmental, 
dorsoventrally paired foci, and dotted box in i punctate stripe of expression across the segments, both patterns consistent with the positions of 
segmentally repeated elements of the nervous system [39]. j Expression of zf631300 showing punctate expression in the cortex. Gene models: 
bZIP137200 (HmN_000137200), six3/6 (HmN_000022100), snail (HmN_000348000), tgfb-like (HmN_000204000), zf631300 (HmN_000631300). Scale 
bars 200 μm (a–e), 50 μm (f–j)
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tapeworms) and in a dense, punctate pattern that extends 
into the scolex (Fig. 5c). Beyond the neck a more regular, 
segmental pattern emerges that includes a central foci of 
expression representing the genital primorida that can 
be seen later to split antero-posteriorly (Fig. 5h) into the 
putative anlagen of the seminal vesicle/vagina and the 
ovary/vitellarium, or alternatively as a split between the 
male and female systems, as described in the rat tape-
worm Hymenolepis diminuta by Sulgatowska [101]). 
Also visible is a quartet of dorsoventrally paired foci at 
the inter-segmental boundaries (Fig.  4h) correspond-
ing in position to the junction of the medial longitudinal 
and traverse nerve cords, suggesting that these may act as 
centres of inter-segmental signalling. Finally, we observe 
a ‘stripe’ of expressing cells that circumscribes each seg-
ment at their equator (Fig. 5i).
TGF-β-like orthologs encode ligands of the highly con-
served metazoan TGF-β/BMP signalling pathway and are 
involved in a wide range of morphogenic processes, often 
with pleiotropic effects [102, 103]. Ligands of TGF-β/
BMP signalling fall into two broad superfamilies that 
stimulate different intracellular transducers (Smad pro-
teins) resulting in the transcriptional regulation of dif-
ferent target genes. A direct ortholog of Hmic-tgfb-like 
in the bloodfluke Schistosoma mansoni (Add. File 1) was 
shown by Freitas et al. [104] to be expressed in the ovary 
and vitellaria of female worms (and sub-tegumentally in 
association with the oral and ventral suckers of males) 
and was deduced to have a role in embryogenesis. In 
Hymenolepis, we also see expression in the female system 
as well as many additional foci, suggesting multiple roles 
of TGF-β signalling throughout tapeworm development.
Using data from the S. mansoni genome [32] to rep-
resent flatworms, Kenny et al. [105] identified a total of 
five type I/II receptors and five Smads, but found only 
two TGF-β-type genes and no BMP-type gene. The large 
number of receptors relative to ligands suggested that 
some of the S. mansoni receptors may be responding to 
host ligands [106]. However, using the latest assemblies 
of the S. mansoni genome [33] on WBP we do find both 
TGF-β- and BMP-type orthologs in all major groups of 
parasitic flatworms, as well as in planarians. Moreover, 
a bmp2-like ligand is up-regulated in the Scolex-Neck 
(Table  2), but its spatial expression was not examined. 
The roles of TGF-β signalling via Smad2/3 in flatworms 
have not been identified, whereas the highly conserved 
role of BMP signalling in dorsoventral patterning of ani-
mals [107] has been well studied in planarians in which it 
is involved in both dorsoventral and midline patterning 
[108–113], and we would expect to find the same in other 
flatworms.
six3/6
An ortholog of the sine oculus/Six homeobox family 
six3/6 is expressed in three vertical ‘stripes’ in the neck 
and anterior strobila. Expression begins immediately 
following the scolex and runs along the dorsoventral 
midline just to the sides of the osmoregulatory canals 
and in the central ‘primitive streak’ (Fig.  5d). Posteri-
orly, expression becomes more punctate in the imma-
ture region of the strobila and then fades. Six3/6 family 
genes, like foxQ2, are canonical regulators of anterior 
neural patterning during embryonic development [114, 
115], and more generally, of early head patterning in ani-
mals [65, 116]. An Echinococcus multilocularis six3/6 
ortholog is expressed in protoscolices in the area of the 
rostellar nerve ring, the most apical region of the tape-
worm CNS [63, 117]. In planarians, it is expressed in the 
outer cephalic branches of the brain [118] and in neu-
ral progenitor neoblasts [69]. Its spatial expression dur-
ing strobilar growth in Hymenolepis is associated with 
the main longitudinal nerve cords, consistent with hav-
ing a canonical role in the development and/or mainte-
nance of the nervous system during strobilation and early 
stages of segment maturation, whereas expression in the 
genital primordia indicates an additional role in proglot-
tid development. Like snail discussed above, six3/6 was 
previously identified as DE in the Scolex-Neck and our 
empirical data corroborate this. However, only a few 
RNA-seq reads mapped against this gene model in the v.2 
assembly (Additional file 1: Table S1.2).
zf631300
Zf631300 is an unclassified C2H2-type zinc finger DE 
in both the Larvae and Scolex-Neck (Additional file  4: 
Table S4) that in adults shows strong expression in asso-
ciation with the main elements of the CNS (Fig.  5e), as 
well as more dispersed, punctate expression in the tis-
sues of the strobila (Fig.  5j). Expression associated with 
the nervous system is tightly clustered around the main 
longitudinal nerve cords and cerebrial ganglia in the 
scolex, appearing as individual foci (‘dots’) of expression 
surrounding the main nerve cords. One possibility is that 
this pattern represents expression by the nerves them-
selves which have been shown to be distinctly vesicular in 
tapeworms [53, 119, 120], suggesting that the CNS may 
act as a neurocrine organ [120, 121].
Differential expression in the mature strobila
GOI in the Mid sample were dominated by transcription 
factors (Table 2; Additional file 3: Table S3), which made 
up 90% of the 59 GOI DE relative to the Scolex-Neck. 
Although zinc fingers were the most abundant type of 
transcription factor, as in all contrasts, homeoboxes made 
up a larger percentage of the total GOI in the Mid sample 
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(28%) than in any other contrast, and included members 
of the HOXL, NKL, PRD, TALE, LIM, CUT and PROX 
families (Table 2; homeoboxes classified in S10.1 in [35]). 
The GOI with the highest fold change, however, was a 
forkhead box transcription factor, foxA-like. The only 
DE signalling components identified were two aFGF-like 
receptors, while two up-regulated transcription factors, 
strawberry notch and a member of the Hes (hairy and 
enhancer of split) family, are linked to Notch signalling 
[122]. Other GOI were post-transcriptional regulators 
that had among the highest transformed expression lev-
els, including some whose products have canonical roles 
in stem cell regulation: a Piwi-like argonaute [13], the 
meiosis regulator Boule (discussed below), and one of 
three orthologs of Pumilio, noted above. Below we dis-
cuss the spatial expression of ten genes in the mature 
strobila, all of which proved to be associated with the 
female and/or male reproductive systems, and in multi-
ple instances showed a second focus of expression con-
sistent with the innervation of the genital pores.
Fig. 6 Spatial gene expression in the mature strobila. Arrows in f–h indicate expression foci around the genital pore. esc external seminal vesicle, 
gp genital pore, esv external seminal vesicle, isv internal seminal vesicle, oc osmoregulatory canal, ov ovary, sr seminal receptacle, t testes, ut uterus, 
v vagina, vt vitellarium. Gene models: boule (HmN_000762300), extra-like (HmN_000610200), foxC-like (HmN_000142300), msxlx (HmN_000016500), 
nk1 (HmN_000601100), otx (HmN_000666600), pax-like (HmN_000199100), prox2 (HmN_000961900), zf621400 (HmN_000621400), zyg11-like 
(HmN_000995400). All scale bars 100 μm
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boule2
An ortholog of the Boule/DAZL-family RNA regula-
tor boule is strongly up-regulated in both the testes 
and ovaries (Fig.  6a). Boule2 encodes an RNA-binding 
protein essential to germline development [51] and 
has been shown to regulate meiosis throughout the 
Cnidaria + Bilateria [123]. Boule expression in animals is 
generally male specific [123] but is associated with both 
the male and female germlines in flatworms, consistent 
with the expression foci seen in H. microstoma. The free-
living flatworm Macrostomum lignano has three copies 
of boule, two of which are associated with the testes (one 
involved directly in spermiogenesis) and one with oogen-
esis in the ovaries [124]. In Schmidtea, there are also two 
paralogs, both of which are involved in spermatogenesis 
and oogenesis: Iyer et al. [125] showed that Smed-boule1 
has a canonical role in the regulation of meiosis, whereas 
Smed-boule2 has a pre-meiotic role in the maintenance 
of early male germ cells, analogous but not homologous 
to the role played by DAZL genes in vertebrates. In the 
same year, Steiner et  al. [126] showed that a Schmid-
tea boule ortholog (= Smed-boule2 in [125]) is required 
for both male and female gamete production, but that 
whereas Smed-boule2(RNAi) results in sterility, it does 
not inhibit the production of egg capsules. Gene trees 
generated via WBP (not shown) indicate that a major-
ity of parasitic flatworms have two paralogous Boule-
DAZL-type genes that form separate clades, one of which 
includes Smed-boule1 and Smed-boule2, whereas the 
other clade appears to be specific to neodermatans and 
includes the Hmic-boule2 paralog analysed here.
pax-like and extra-like
Testes-specific, regionalised expression was seen in a 
pax-like PRD-class gene (Fig.  6b) and an unclassified 
extradenticle-like TALE-class gene (Fig.  6c). Pax genes 
have been shown to regulate cell lineage specification 
and maintain progenitor cell populations through alter-
native splicing and gene activation/repression [127], and 
in mammals pax7 expression is also specific to the male 
germline [128]. BLAST identification of the TALE-class 
gene returns extradenticle as the best match, but gene 
trees (not shown) suggest that it is one of at least eight 
unassignable genes that are part of a TALE-class expan-
sion specific to parasitic flatworms [35]. Moreover, it is 
not orthologous to planarian PBX/extradenticle which is 
involved in anteroposterior (AP) polarity during regen-
eration by affecting Wnt signalling [129]. While there is 
scarcely information on the roles of these genes in inver-
tebrates, spatial expression in Hymenolepis demonstrates 
their involvement in the male reproductive system.
msxlx and nk1
Spatial expression of other up-regulated genes exam-
ined from the Mid sample was specific to the female 
system. Two ANTP-type homeoboxes, msxlx and nk1, 
are strongly up-regulated in the ovaries and continue to 
show expression in fertilised ova in the uterus (Fig.  6d, 
e). Msx/msh genes encode conserved proteins that act 
as transcriptional repressors involved in cell prolifera-
tion, differentiation and organogenesis during embryonic 
development [130]. Principal roles include differentiation 
of mesoderm into muscle and dorsoventral patterning of 
the neuroectoderm in concert with BMP signalling [131–
133]. In Lophotrochozoa, roles in the differentiation of 
muscle and nerve precursors have been implicated in the 
polychaete Platynereis [134], and in dugesiid planarians 
msh genes have been shown to regulate neoblast prolifer-
ation and BMP signalling during head regeneration [135]. 
Ovarian and uterine expression of msx genes has been 
shown also in mice, including a direct role in the regula-
tion of meiosis in the female germline [136, 137]. Tape-
worms lack direct orthologs of Msx family genes [35] but 
do possess single copies of the closely related Msxlx fam-
ily which has been lost in tunicates and vertebrates [138]. 
Msxlx expression in Hymenolepis is clearly related to 
the female system, and it would be informative to know 
whether it is also expressed in the ovaries of planarians. 
However, expression in planarians has only been exam-
ined in the context of regeneration [135].
Hmic-nk1 is one of two paralogs found in tapeworms 
[35] and is a principal member of the NKL sub-class of 
ANTP-type homeoboxes that also includes the closely 
related Msx/Msxlx family genes [139, 140]. There is a 
large diversity of nk-like genes in animals which, similar 
to msx genes, play fundamental roles in differentiation, 
proliferation and apoptosis, often in relation to neuro-
genesis [134, 141] and muscle patterning [142], and an 
nk1 gene has been shown to be essential for the forma-
tion of circular muscles in Schmidtea [75]. However, a 
recent study of the transcriptomes of the testes and ova-
ries of Schistosoma mansoni showed up-regulation of 
an nk2 gene in the ovaries of paired females, but not in 
the testes of males or ovaries of un-paired females [143]. 
Thus together with the present study, results indicate a 
role of NK homeobox genes in the female reproductive 
system in both tapeworms and flukes.
otx and prox3
In addition to the above NKL-type homeobox genes, the 
ovaries also express the PRD-class gene otx (Fig. 6f ) and 
the PROS/Prox-class homeobox prox/prospero (Fig.  6g). 
Notably, otx and prox3 also show another focus of expres-
sion around the genital pores, which are highly inner-
vated [39, 119]. Otx is orthologous [35] to Drosophila 
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orthodenticle (otd) and vertebrate otx genes, canonical 
regulators of brain development [144]. Planarians have 
two otx genes that are expressed in the brain [145, 146], 
in photoreceptor neurons [68, 147] and in CNS-related 
neoblast progenitors [69].
Prospero/prox genes are also broadly involved in nerv-
ous system development and in the regulation of neu-
ral progenitor cells [148–150] and in Schmidtea have 
been shown to be up-regulated in proliferating cells 
[84] including neural progenitor neoblasts [69]. Prox2 
is one of two paralogs in Hymenolepis and had few 
reads mapped against the v.2 genome (Additional file 1: 
Table  S1.2) despite the strong expression seen in the 
ovaries, whereas Hmic-prox1 was highly up-regulated in 
both the Larvae and Scolex-Neck samples (Table  2). A 
role of Hmic-prox2 in the female germline of tapeworms 
is thus broadly consistent with stem cell-related roles in 
planarians. As both prox and otx genes are canonically 
associated with the nervous system, expression around 
the genital atrium is likely to be associated with its inner-
vation. In contrast, otx has not been previously associ-
ated with the germline or reproductive tissues of animals. 
Simultaneous expression of these genes in the ovary and 
around the genital ducts points towards an intriguing 
link in gene regulation between these two parts of the 
reproductive system.
foxC-like
A tapeworm-specific foxC-like forkhead box gene shows 
a similar, albeit weaker, pattern of expression in both 
the ovary and around the genital ducts (Fig.  6h). Weak 
expression is also observed in the nascent genital primor-
idia of the female system in immature segments, appear-
ing as central dots (not shown). Gene trees produced via 
WBP (not shown) indicate foxC-like to be a divergent 
member of the family with direct flatworm orthologs 
identified only in the closely related species H. nana and 
H. diminuta. Thus although comparison with orthologs 
in other animals may be dubious, the foxl2 gene has been 
shown to be central to ovarian differentiation and main-
tenance in mammals [151].
zf621400
Of the transcripts found to be specific to the female sys-
tem, only one showed expression in the vitellarium: an 
unclassified C2H2-type zinc finger. Vitellaria represent 
a division of the female system between the germarium 
(i.e. ovary; producing oocytes) and the vitellarium (pro-
ducing vitellocytes) that is found in euneoophoran flat-
worms, which includes the parasitic flatworms and a 
subset of derived, free-living groups that includes pla-
narians (i.e. Tricladia) [152, 153]. Ectolecithal eggs are 
produced in which fertilised oocytes are packaged with 
varying numbers of vitellocytes that provide both yolk 
and proteins for the production of the egg shell [154]. 
Typical of cyclophyllidean tapeworms, H. microstoma 
has a single, compact vitellarium situated centrally, below 
the bi-lobed ovary [42]. Hmic-zf621400 expression is 
seen throughout the developing and mature vitellaria 
in the strobila (Fig. 6i) and in individual cells (putatively 
vitellocytes) in the uterus, showing that it continues to be 
expressed during embryogenesis (Additional file 5: Figure 
S1). However, in addition to the vitellaria, expression is 
also observed in somatic cells and in the genital primor-
dia of immature segments (Additional file 5: Figure S1). 
Hence, it may be that this transcription factor had a more 
general role in flatworms and secondarily evolved a role 
in vitellogenesis in the Euneophora. A molecular marker 
for tapeworm vitellaria has not been reported previously, 
and thus, the gene may find utility for this purpose. A 
large number of vitellaria- and/or vitellocyte-specific 
genes were identified in blood flukes through a similar 
combination of RNA-seq and WMISH [155], and many 
of these may prove to be useful markers in other parasitic 
flatworms and other euneophoran groups.
zyg11-like
A zyg11-like gene is up-regulated in the Mid and End 
samples (cf. Scolex-Neck) and was one of a small number 
of tapeworm orthologs identified among a list of candi-
date senescence-related genes in C. elegans (unpub. data). 
In Hymenolepis, it shows diffuse expression throughout 
the uterus, revealing the anastomosing structure of the 
organ (Fig. 6j). Zyg11 encodes a member of a large pro-
tein family characterised by leucine-rich repeats and 
is involved in several functions in C. elegans including 
meiotic progression and AP polarity during embryogen-
esis [156, 157]. Functions of the gene family outside of 
C. elegans are not known. Hmic-zyg11-like is one of 12 
paralogs in the H. microstoma genome, and phylogenetic 
analysis via WBP (not shown) indicates that it is part of a 
large expansion of this gene family in parasitic flatworms. 
Its spatial expression suggests it could be a marker for the 
uterus.
Differential expression in the gravid strobila
A comparatively small number of DE GOI were identified 
in the End sample (Table 2) as discussed previously, and 
none showed high log2fold-change values. In addition 
to five putative zinc fingers, there was a small number 
of homeoboxes, high mobility group and basic leucine 
zipper transcription factors identified (Table  2). Among 
signalling components was an FGF receptor also up-reg-
ulated in Larvae (discussed above) and a slit-like protein 
sequence that was the only example among GOI of the 
Slit/Robo pathway which is canonically involved in axon 
Page 22 of 29Olson et al. EvoDevo            (2018) 9:21 
repulsion during neural development [158]. A paralog of 
the smad-like factor DE in the Mid sample was identi-
fied as were components of Wnt signalling, including the 
Wnt antagonist sfrp which is involved in establishing pri-
mary AP polarity in animals [159] and in tapeworms is 
expressed at the site(s) of scolex formation in developing 
Larvae [63]. A paralog of the stem cell regulator pumillio 
(cf. Mid sample) was highly expressed, albeit only around 
twice the level of its expression in the Mid and Scolex-
Neck samples (log2fold change of 0.8; Table 2). No gene 
was examined by WMISH in the End sample.
Conclusions
Through genome-wide transcriptome profiling we have 
identified genes DE in association with the major stages 
of the H. microstoma life cycle, revealing candidate regu-
lators of the underlying developmental processes. Spa-
tial analyses corroborate quantitative RNA-seq data and 
provide insights into the putative roles of the genes by 
linking their expression to organs, tissues and cells in 
tapeworms for the first time. The overarching picture 
shows that their complex development involves factors 
with canonical roles in axial specification, neurogenesis, 
myogenesis and stem cell regulation and that their under-
lying developmental ‘toolkit’ therefore resembles that 
of free-living flatworms and metazoan animals in gen-
eral. The striking similarity in transcriptome profiles of 
the Scolex-Neck region and Larvae, both in general and 
specifically in relation to genes known to be involved in 
animal development, suggests that strobilation in adults 
involves recapitulation of many of the same gene regula-
tory networks employed during larval metamorphosis. In 
contrast, reproductive development involves a larger per-
centage of up-regulated genes that lack clear orthologs in 
other animal groups.
Our work represents a course-grained survey of differ-
ential gene expression in tapeworms and a finer-grained 
approach including more time points during larval meta-
morphosis and smaller divisions of the adult body would 
reveal additional DE genes and provide a more refined 
overview of their temporal expression dynamics. Broad 
surveys of this type are especially critical in new model 
organisms and have been integral to elucidating gene 
regulatory networks in planarians [21]. Recent addition 
of long-read and optical mapping data has now improved 
H. microstoma genome assembly to the level of full chro-
mosomes (unpub. data), which will make it among, if 
not the, most complete genome of a lophotrochozoan, 
and will stabilise gene model estimates. The develop-
ment of such genomic resources for parasitic flatworms 
and their curation via WormBase ParaSite [45] has accel-
erated our ability to investigate their developmental 
genetics. Moreover, increased representation of species 
through the 50 Helminth Genomes Project [160] means 
that we can make more comprehensive investigations of 
the diversity and interrelationships of developmentally 
related genes to determine their degree of taxonomic 
restriction (i.e. ‘orphan-ness’) [161, 162] and to identify 
where direct orthologs exist between free-living and par-
asitic species.
Understanding the somatic stem cell systems of para-
sitic flatworms is essential to investigations of all aspects 
of their growth and differentiation. Germinative cells of 
tapeworms and neoblast-like cells of blood flukes have 
been a focus of recent studies that demonstrate similari-
ties with planarians as well as potentially significant dif-
ferences in their underlying regulation [14, 15, 36, 37, 
100, 163, 164]. Transcriptional profiling of their prolifera-
tive cell compartments will allow us to determine the full 
extent to which regulation differs from the well-charac-
terised neoblast system of planarians, and we expect that 
single-cell profiling will reveal sub-populations of partly 
differentiated progenitor stem cells, as recently charac-
terised in Schmidtea mediterranea [69, 165]. Such studies 
would provide new candidate targets for chemotherapy 
as well as an abundance of cell-specific markers that will 
enable expressed genes to be associated with different 
cellular compartments.
Methods
Animal cultures and samples
The Nottingham strain [42] of the mouse bile-duct tape-
worm, Hymenolepis microstoma, was maintained in vivo 
using flour beetles (Tribolium confusum and T. cas-
taneum) and inbred strains of laboratory mice (Mus mus-
culus) in accordance with project licence PPL70/8684 
issued by the UK Home Office to PDO. To produce lar-
val samples representing the approximate mid-point in 
the metamorphosis from oncosphere to cysticercoid, 
beetles were starved for five days and then exposed to 
macerated, gravid proglottids of H. microstoma for ~ 6 h. 
Gravid tissues were removed, and the beetles allowed to 
feed on flour ad libitum. Beetles were dissected five days 
post-exposure to eggs and the Larvae collected from the 
haemocoel and transferred live into RNAlater (Qiagen). 
Morphologically, most Larvae were elongated and well 
differentiated at both poles, equating to stage 3 follow-
ing Voge [166]. However, individual variation in devel-
opmental rates meant that some Larvae were closer 
to ‘stages’ 2 or 4. Approximately 550 individuals were 
combined for each of three replicate larval samples and 
stored in RNAlater at − 80 °C.
For the Whole Adult samples, fully grown, gravid 
worms > 1 month old were dissected from the bile ducts 
of mice into vertebrate saline (0.85% w/v NaCl), rinsed 
Page 23 of 29Olson et al. EvoDevo            (2018) 9:21 
and preserved live in RNAlater before storing at − 80 °C. 
Three entire worms were used as replicates for the Whole 
Adult samples.
For the regional samples of the adult worm, whole 
worms were removed from mice and swirled in near boil-
ing saline to extend and kill the worms. They were then 
straightened in a petri dish while immersed in RNAl-
ater, worms of similar length aligned, and compara-
ble regions of the strobili cut from multiple worms and 
pooled. The Scolex-Neck samples included the scolex, 
neck and some number of nascent segments (total sam-
ple length apx. 0.5  cm from apex) and consisted of tis-
sues combined from 13 to 43 individuals/replicate. The 
Mid samples consisted of ~ 2.5 cm lengths of tissue rep-
resenting not the actual mid-point of the strobila, but a 
position roughly 2/3 of the length from the apex where 
both the male and female systems are mature (Fig.  1a) 
and were combined from 11 to 17 individuals/replicate. 
The End samples consisted of ~ 2.5 cm lengths of gravid, 
sub-terminal tissues combined from 11 to 14 individuals/
replicate.
For in  situ hybridisation, adult tapeworms were har-
vested from mouse bile ducts into saline and swirled for 
~ 2 s in near boiling saline to extend and kill the worms as 
above. They were then fixed in fresh, cold 4% w/v para-
formaldehyde (PFA) in phosphate-buffered saline (PBS) 
overnight at 4 °C before being transferred to PBSAT (PBS 
and 0.1% v/v Tween 20) or dehydrated in a graded series 
of ethanol and PBS and stored at 4 °C. Whole worms were 
rehydrated in PBSAT and cut into 2–4 cm sections prior 
to WMISH. Larval worms were produced as described 
above, and developmental series of Larvae were gener-
ated by sub-sampling infected beetles on days 3, 4, 5, 6 
and 7 post-exposure to eggs and then fixing them directly 
in RNAlater. Prior to processing, the Larvae were visually 
sorted into ‘stages’ (Fig. 1a) and 5–10 individuals of each 
stage combined into individual tubes to be processed 
simultaneously. Further details on the culturing of H. 
microstoma are available at www.olson lab.com.
Transcriptome sequencing
Total RNA was prepared by washing each sample in ice-
cold PBS before being mechanically homogenised in 
Trizol (Invitrogen) and extracted with 24:1 chloroform/
isoamyl alcohol. Phase separation was carried out by 
centrifugation at 4 °C. 0.5 volumes isopropanol, and 4 µl 
of glycogen (5 mg/ml) was added to the aqueous phase, 
and total RNA was precipitated at − 80 °C for 1 h. RNA 
was pelleted, washed with fresh 75% v/v ethanol, re-sus-
pended in nuclease-free water and quality-checked and 
quantified using an Agilent Bioanalyzer 2100. Librar-
ies for transcriptome sequencing were prepared using 
the TruSeq kit (Illumina) with polyadenylated mRNA 
selected using oligo-dT Dynabeads. After cDNA syn-
thesis, adaptors were ligated and libraries were amplified 
by PCR using Kapa HiFi DNA polymerase (Kapa Biosys-
tems). Amplified templates were purified with AMPure 
SPRI beads, quantified using a Bioanalyzer (Agilent) and 
pooled. From pooled libraries, 300- to 400-bp fragments 
were selected using the Caliper system. After adap-
tor ligation, individual libraries made with the Illumina 
mRNA-seq kit were size-selected using the Caliper sys-
tem before PCR amplification followed by AMPure SPRI 
bead clean up and removal of adaptors with a second 
Caliper run. Kapa Illumina SYBR Fast qPCR kit was used 
to quantify the Illumina mRNA-seq libraries before pool-
ing. Libraries were sequenced using v4 Cluster Genera-
tion and v5 Sequence-by-Synthesis kits, according to the 
manufacturer’s protocols (Illumina), to produce paired 
76- or 100-base reads. Primary analysis of raw data gen-
erated by the Illumina HiSeq genome sequencer was per-
formed with the RTA v.1.8 analysis pipeline. Accession 
numbers of the generated sample data are given in Addi-
tional file 1: Table S1.1.
Hymenolepis microstoma v.2 genome assembly
Analyses were based on the latest publicly available ver-
sion of the H. microstoma genome and gene models (v.2) 
curated on WormBase ParaSite (parasite.wormbase.
org) [45] under accession PRJEB124. This represents an 
unpublished update to the v.1 assembly published in [35] 
and has not been previously described. Version 2 is based 
on the incorporation of an additional lane of Illumina 
HiSeq data from the library ENA002564 (https ://www.
ebi.ac.uk/array expre ss/) and re-assembly of the genome 
as follows. The v.1 genome was quality-checked using 
REAPR v.1.0.15 [167]. Low-confidence scaffolds were 
broken, and all sequence data were mapped back to the 
genome. Unmapped reads were assembled using Velvet 
v.1.2.09 with a kmer size of 57 [168]. Resulting contigs 
longer than 500  bp were merged with the REAPR-cor-
rected genome and scaffolded using three iterations 
of SSPACE v.1.1 [169]. Gaps were filled using several 
increasingly permissive iterations of GapFiller v.1.11 until 
saturation was achieved [170]. The process of breaking 
and re-joining was repeated until only marginal returns 
could be achieved. Contigs shorter than 500  bp were 
excluded and consensus bases corrected using iCORN 
for three iterations. Using PROmer from the MUMmer 
package v.3.23 [171], it was observed that the H. micro-
stoma genome is largely co-linear with that of the fox 
tapeworm Echinococcus multilocularis. The H. micros-
toma genome was thus ordered following orthologs to 
E. multilocularis using ABACAS v.2 [172]. As scaffolds 
were joined on orthology evidence, the resulting gene 
order may be incorrect if it has changed during evolution, 
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but it represents our current best hypothesis of the inter-
relationships among contigs. The resulting v.2 assembly 
is 16% larger than v.1 and includes longer scaffolds and 
contigs.
Gene models were transferred from version 1 to 2 
(7981 models transferred out of 10,149). As v.2 is larger 
than v.1, new gene models were predicted using Augus-
tus v2.5.5 [173] with and without RNA-seq support. 
Only unique gene models not overlapping with a previ-
ously identified model were retained and in total, 2222 
new gene models (of 12,368 in total) were included in the 
current set. Gene models were annotated using a custom 
pipeline as described in section S5 of [35]. In brief, anno-
tations were made from the product calls of the top ten 
matches in the GenBank nr database where they had e 
values < 0.0001. For predicted proteins lacking such simi-
larity to known sequences, annotation was made from 
any domains identified in the protein using InterProS-
can. Remaining proteins lacking domain predictions were 
annotated as novel as described in Results and Discus-
sion. All genome data and annotations are available via 
WormBase ParaSite [45] at parasite.wormbase.org.
Differential expression analyses
Paired-end RNA-seq reads from a total of 18 techni-
cal and sample replicates (Additional file  1: Table  S1.1) 
were mapped to the genome using TopHat v.1.4.1 [174] 
and FPKM values (fragments per kilobase per million 
mapped reads) calculated for each gene model using the 
Cuffdiff programme included in the Cufflinks package 
(v.2.0.2; default parameters plus –u and –b options [174]). 
Raw and normalised mapped reads per gene model and 
sample replicate are given in Additional file 1: Tables S1.2 
and S1.3, respectively. Differentially expressed genes were 
determined using DESeq2 v.1.14 [175]. Comparisons 
were made between the Larvae and Whole Adult sam-
ples and among each of the three regional samples (i.e. 
Scolex-Neck cf. Mid, Scolex-Neck cf. End, and Mid cf. 
End) as described in Results and Discussion. Raw counts 
per replicate were used as input, and the two technical 
replicates for each of the Larvae samples were combined 
using the collapseReplicate function. DESeq2-trans-
formed and DESeq2-adjusted gene model expression lev-
els between samples differing from zero at a confidence 
level of 0.00001 were considered differentially expressed 
and were ranked by their log2fold change. Complete lists 
of up- and down-regulated gene models for each contrast 
are given in Additional file  2: Tables S2.1–S2.5, and the 
intersects of up-regulated genes for each of the regional 
samples compared with the other two are given in Addi-
tional file 2: Tables S2.6–S2.8.
To investigate overall similarities/differences among 
the samples and replicates, we plotted the first two 
principal components of the libraries using the dists and 
plotPCA functions (Fig.  1b) and constructed a heatmap 
of the sample-to-sample distances using the pheatmap 
function (Fig. 1c). In addition, we constructed heatmaps 
based on normalised expression means of three suites 
of gene models: (1) all homeobox transcription factors 
(Fig. 2a); (2) all components of Wnt, Notch and Hedge-
hog signalling pathways (Fig. 2b), and (3) all unique GOI 
identified herein. Homeoboxes and signalling compo-
nents are identified in Supplementary Tables S10.1 and 
S10.2, respectively, in [35], and GOI identified here are 
listed in Table 2 and Additional file 4: Table S4.
Gene Ontology analyses
Gene Ontology [176] terms associated with the gene 
models were retrieved from WBP using the Biomart 
function and are included in Additional file  2: Tables 
S2.2–S2.5 and summarised in Additional file  3: Tables 
S3.1–S3.7. Biological process terms were mapped to GO 
slims using bespoke java code and GO version 2018-
07-17. Enrichment of GO biological process terms was 
calculated for the DE genes using the goseq R package 
(version 1.32.0) and GO.db (version 3.6.0). Terms were 
considered significant (i.e. enriched) at a p value thresh-
old of 0.05 after adjustment using the Benjamini–Hoch-
berg false-discovery rate. REVIGO (revigo.irb.hr) [49] 
was used to summarise GO annotations to sets of differ-
entially expressed genes using a threshold of 0.4 and the 
SimRel similarity measure.
Gene cloning and probe synthesis
Gene-specific primers (Additional File 6: Table S5) were 
designed using Primer3 [177] implemented in Geneious 
v.8 (Biomatters) against predicted gene model sequences. 
Parameters were set to produce optimal product sizes of 
1–1.5 Kb and to anneal at least 50 bp internally from the 
ends to increase their efficiency in cases where template 
cDNAs were not full length. Transcripts were amplified 
by PCR from cDNAs synthesised from total RNA puri-
fied from either Whole Adult or pooled, larval worms. 
Products were cloned using a StrataClone PCR cloning 
kit (Agilent Technologies) according to the manufac-
turer’s instructions, except that all volumes were halved. 
Transformed plaques were picked and added to 500  μl 
water, heated to 80  °C to liberate the plasmids, and the 
resulting mixture used as template for further amplifi-
cation by PCR using M13 primers. Resulting products 
(consisting of the gene insert flanked by T3/T7 reverse 
transcriptase promoter regions and M13 priming sites) 
were cleaned, quantified and used as templates for probe 
synthesis. Digoxigenin (DIG)-labelled riboprobes were 
synthesised from both the sense (+) and anti-sense (−) 
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strands using T3 and T7 reverse transcriptases and DIG-
RNA labelling mix (Roche).
Whole-mount in situ hybridisation
Assays were performed in 1.5-ml Eppendorf tubes that 
were placed in 50-ml Falcon tubes on a roller to provide 
continuous agitation during washing steps. A minimum 
of five worms/assay was used for adults as well as for 
each larval stage, and separate assays performed for 
the sense (control) and anti-sense probes. Some assays 
were repeated two or more times to improve results. 
PFA-fixed specimens were rehydrated in PBSAT and 
then permeabilised in 10 μg/ml proteinase K in PBSAT 
for 10 (adult worms) or 5 (Larvae) mins at room tem-
perature (RT) and then rinsed in 0.1 M triethanolamine 
pH 7.8 (TEA) followed by 0.25% v/v acetic anhydride 
in 0.1 M TEA then 0.5% v/v acetic anhydride in 0.1 M 
TEA, before being washed in PBSAT. They were post-
fixed in fresh 4% w/v PFA in PBS for 20 min at RT and 
thoroughly rinsed in PBSAT. Specimens were equili-
brated with hybridisation buffer (50% v/v formamide 
(Sigma), 5 × saline-sodium citrate buffer (SSC), 100 μg/
ml heparin (Sigma), 1× Denhardt’s solution (Sigma), 
0.1% v/v Tween 20 (Sigma), 0.1% v/v CHAPS (Sigma), 
10 mM EDTA) then prehybridised at 60  °C in hybridi-
sation + buffer, which is hybridisation buffer contain-
ing 1 mg/ml yeast RNA (Roche). This was replaced with 
fresh, pre-warmed hybridisation + buffer containing 
riboprobe at a concentration of 1 μg/ml and hybridised 
overnight at 60 °C using a shaking heating block. Probe/
hybridisation buffer was removed and stored frozen for 
future use and the specimens rinsed in pre-warmed 
hybridisation + buffer to remove unbound probe. Spec-
imens were then washed in 2x SSC followed by 0.2  x 
SSC buffer (made by dilution in nuclease-free water of 
20 × SSC, which is 3 M sodium chloride and 300 mM 
trisodium citrate in water, pH7), then in 0.1  M maleic 
acid buffer pH 7.8 (MAB) at RT. This was replaced 
with blocking buffer consisting of MAB containing 2% 
w/v bovine serum albumin and 20% v/v heat inacti-
vated lamb serum and incubated for 2 h at RT. This was 
replaced by fresh solution containing a 1:2000 dilution 
of anti-DIG antibody coupled to alkaline phosphatase 
(Roche) and incubated overnight at 4  °C. Antibody 
solution was removed and the specimens thoroughly 
washed at RT in MAB followed by alkaline phos-
phatase buffer. Specimens were transferred to watch 
glasses, NBT/BCIP (Roche) was added and the speci-
mens left to incubate at RT (or overnight at 4 °C) until 
a colour reaction was observed. They were then rinsed 
in PBSAT, post-fixed in 4% w/v PFA in PBS for 1  h, 
rinsed further in PBSAT and dehydrated in a graded 
ethanol series. Specimens were cleared in a 1:1 mix-
ture of benzyl alcohol and benzyl benzoate, mounted 
on microscope slides and stored at 4  °C. WMISH and 
other protocols can be found on www.olson lab.com. 
Mounted specimens were imaged on a Leica DM5000B 
compound microscope with differential interference 
contrast and a Leica DFC450C digital camera con-
trolled by Leica Application Suite ver. 4. Images were 
cropped, and in some cases the overall brightness and/
or contrast were digitally enhanced, but no other photo 
manipulation was made.
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End. Table S2.6. Intersection of up-regulated genes between the Scolex-
Neck cf. Mid and Scolex-Neck cf. End contrasts. Table S2.7. Intersection 
of up-regulated genes between the Mid cf. Scolex-Neck and Mid cf. End 
contrasts. Table S2.8. Intersection of up-regulated genes between the 
End cf. Scolex-Neck and End cf. Mid contrasts.
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process terms associated with differentially expressed gene models. 
Table S3.1. Larvae cf. Whole Adult. Table S3.2. Scolex-Neck cf. Mid. 
Table S3.3. Scolex-Neck cf. End. Table S3.4. Mid cf. Scolex-Neck. 
Table S3.5. Mid cf. End. Table S3.6. End cf. Scolex-Neck. Table S3.7. End 
cf. Mid.
Additional file 4: Table S4. Zinc finger transcription factor genes of 
interest.
Additional file 5: Figure S1. Vitellarium-associated and additional expres-
sion foci of the putative zinc finger transcription factor Hmic-zf621400. A 
Enlarged view of vitellarium expression in mature segments (boxed region 
of inset). B–C Punctate expression is also seen in some specimens, espe-
cially in immature segments (arrows show nascent seminal receptacles). 
D Expression by vitelline cells distributed with ova becomes visible in the 
uterus of mature segments. Abbreviations: esv, external seminal vesicle; 
gp, genital pore; isv, internal seminal vesicle; sr, seminal receptacle; t, testis; 
u, uterus; vt, vitellarium. scale bars 100 μm (A, D), 200 μm (B, C).
Additional file 6: Table S5. Gene-specific primers and predicted protein 
sequences of transcripts examined by WMISH.
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